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To alleviate the environmental contamination and utilise the iron resource of basic 
oxygen steelmaking (BOS) dusts, the recycling of the wastes has to be addressed. Zinc 
in the wastes is harmful to the operation of steelmaking processes and needs to be 
removed before they are recycled. Leaching with an organic acid can be the most 
economical and environmentally friendly hydrometallurgical method for treating the 
steelmaking wastes, because organic acids are widely available, can be recycled, and 
can be biodegraded in environment. The aim of the project was to identify an organic 
acid which was highly efficient in selectively removing zinc over iron from BOS dusts 
so that the waste materials can be recycled to substitute a part of raw materials for 
steelmaking in iron and steelmaking processes. The effects of leaching conditions on the 
zinc leaching behaviour were investigated to gain better understanding of leaching 
mechanism. Lixiviate reuse was studied to maximize the leaching rate of zinc.  
 
The BOS dusts used in the study were in the form of filter cakes, supplied by a 
steelwork of BlueScope Ltd. Three generations of BOS filter cakes (namely first 
generation BOS filter cake, second generation BOS filter cake and third generation BOS 
filter cake) were tested. A detailed characterisation shows that the second generation 
filter cake used in this study contained about 56.5 wt.% Fe and 6.5 wt.% Zn. The 
existence of zinc was mainly zinc oxide (ZnO) and zinc ferrite (ZnFe2O4) while iron 
was composed of wustite (FeO), metallic iron (Fe) and magnetite (Fe3O4). Six different 
kinds of organic acids were tested to investigate if they were capable of leaching zinc 
over iron from the filter cake, including oxalic acid (OA), citric acid (CA), acetic acid 
(AA), propionic acid (PA), butyric acid (BA) and valeric acid (VA). The zinc and iron 
leaching rates for all these acids were determined to find the most promising one. 
Butyric acid was found to be the most promising leaching acid based on its selectivity 
of zinc on iron with 49.7% of zinc and only 2.5% of iron dissolved after 10 h. Citric 
acid extracted highest level of zinc and iron while oxalic acid was inefficient. The other 
acids showed some selectivity of zinc but iron loss was too much. The leaching residues 





Investigations were implemented further to find the optimal leaching conditions for the 
second generation BOS filter cake using butyric acid. The effects of acid concentration, 
acid amount and leaching time on the zinc and iron leaching rates were examined and 
the optimum leaching conditions were determined to be a butyric acid concentration of 
1.5 M, a stoichiometric ratio of 70%, and 10 h of leaching time. Under such conditions, 
51% of zinc was leached with no more than 1% of iron loss. The results show that zinc 
removal increased with increasing the acid to solid stoichiometric ratio but no obvious 
dependence on acid concentration was observed. For iron dissolution, reduced leaching 
rate was observed with increasing the acid concentration but no significant differences 
were observed at various stoichiometric ratios especially at higher acid concentrations. 
By four runs of leaching from fresh filter cake using lixiviate for 3 h each under 
optimum conditions, lixiviate reuse was demonstrated to be an acid saving method in 
selective leaching of zinc. However, residues releaching favoured the leaching of iron 
and the fourth leaching only had a zinc removal of 2% which meant that it did not help 
to increase the zinc removal by repeating the process for more than 4 times.  
 
The leaching behaviours of zinc from the first and third generations BOS filter cakes 
were examined based on the optimal leaching conditions for the second generation filter 
cake. The properties of all the tested samples were compared by detailed 
characterisation. The zinc contents in the first, second and third generation BOS dusts 
are 2.42, 6.5 and 13.77 wt.%, respectively, while the iron concentrations are similar at 
56.0, 56.5 and 60.0 wt.%, respectively. The effects of acid concentration and 
stoichiometric ratio of acid to solid on the leaching behaviour were also studied but 
different optimal leaching conditions were obtained. The removal of zinc by leaching 
with butyric acid was found to be less effective for the first generation filter cake, with 
the maximum of 8.4% zinc removed and a loss of iron at 1.24% under optimal leaching 
conditions of 0.5 M acid concentration and 90% of the stoichiometric amount for 10 h. 
It is recommended to leach the second generation filter cake with 1.5 M butyric acid at a 
stoichiometric ratio of 70% to optimise the selectivity of leaching zinc over iron at 
which the leaching rates of zinc and iron are 51.2% and 0.47%, respectively. The third 




conditions depend on the priority consideration. Using 1.0 M acid and 90% acid to solid 
ratio for 10 h, the leaching rate of zinc was 84.6% with 20% of iron loss. 
 
The effects of addition of other organic acids into butyric acid on selective leaching of 
zinc from three different generations of BOS filter cakes were evaluated. Leaching of 
the second generation filter cake was performed under optimal leaching conditions 
using BA by addition of 0.0, 0.15, 0.45 and 0.75 M AA or PA with 1.5 M fixed total 
concentration of the mixed acids. In addition, 0.5 M AA and PA were also tested with 
1.5 M BA, respectively. With fixed total acid concentration at 1.5 M and BA 
concentration at 1.35 M, simultaneous addition of two acids out of AA, PA and VA and 
all of these three acids at equal concentration was also tested. The results were positive 
in that an addition of other organic acids into butyric acid insignificantly affected the 
selective leaching of zinc. On the other hand, leaching of the third generation filter cake 
was carried out by fixing butyric acid at 1.0 M acid concentration and 90% 
stoichiometry, and then adding 0.1 M and 0.25 M of AA or PA. Although insignificant 
reduction of zinc extraction was observed, the iron dissolution increased dramatically 
from 20% to approximately 50%. The addition of HCl in high concentration showed a 
detrimental effect on the selectivity of zinc leaching which could be controlled by 
intermittent addition and maintaining the pH of the acid solution not below that of fresh 
butyric acid solution.  
 
The outcomes of this investigation demonstrated that leaching using butyric acid can be 
an effective technology for zinc removal from the second generation BOS filter cake 
which achieved a good zinc removal rate of above 50% and an excellent selectivity with 
iron removal below 1%. The selectivity of zinc over iron was not affected by the 
presence of other acids in the solution, showing the high potential application of 
industrial waste butyric acid and biological butyrate production in recycling 
steelmaking wastes. The leaching rate of zinc was low for the first generation BOS filter 
cake, while less desirable selectivity was observed for the third generation BOS filter 
cake. The differences between the zinc and iron behaviours in various BOS filter cakes 
during leaching are related to their differences in chemical composition and storage 
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Chapter 1. General Introduction 
1.1 Introduction 
In iron and steel industries, significant quantities of dust, sludge and slag are generated 
every day as waste materials or by-products (Figure 1.1). Blast furnaces (BF), basic 
oxygen steelmaking (BOS), and electric arc furnaces (EAF) are three major furnaces 
generating these wastes and the emission of these wastes is yearly increasing [1-2]. It is 
estimated that the amount of the dusts in the steel industry ranges from 1 to 2% of the 
weight of steel produced. Their disposal, recycling or recovery has been a serious/major 
concern for the iron and steel industries. In consideration of the high contents of iron 
oxides, the dusts are regarded as valuable raw material for steelmaking, and hence they 
need to be recovered in a judicious manner [3]. On the other hand, iron and steelmaking 
dusts must be stored in special landfill areas due to the fact that toxic elements such as 
heavy metals were contained, thereby making the landfill disposal of wastes more 
expensive. The elemental composition also varied widely in terms of operating 
conditions, storage time and location within a stockpile. To summarize, direct disposal 
of the wastes leads to the loss of valuable metal and causes severe environmental issues. 








Based on the above reasons, it is desirable to develop a technology to utilise these 
wastes for recovery of iron from both economic and environmental points of view [5]. 
However, their direct recycling is not possible because they contain high content of zinc 
that can harm the primary processes without pre-treatment. Therefore, the ultimate goal 
is to obtain a non-hazardous residue from the wastes that can be reused.  
 
Zinc is the most problematic element for recycling. It is usually in the form of oxides 
and ferrites but sometimes metallic zinc and zinc sulfide are also found [6-8]. Zinc can 
cause many operational problems in BF, including refractory failure, scaffold formation 
of the charge and even complete filling of the gas off-take. Moreover, the loads such as 
charged iron ores, additives and cokes in the furnace cannot go down due to the 
formation of the condensed zinc. The zinc content in the steelmaking dusts has shown 
an increasing trend and the trend will likely to continue due to the more use of zinc-
containing raw materials in steel production. In terms of zinc smelters, these wastes 
cannot be reused since the zinc content is too low, but in steelmaking processes, the 
direct recycling is impossible as the zinc content is generally too high [9].  
 
Selective extraction of zinc from the steelmaking dusts is not easy due to their complex 
composition as each dust is unique and thus finding a suitable process is complicated. 
Several possible treatment processes for this purpose are under investigation, including 
pyrometallurgical processes, hydrometallurgical processes and hybrid processes [10-12]. 
But most of all, any technique with the purpose of removing zinc should minimize the 
iron dissolution and further avoid any costly implications. For pyrometallurgical 
processes, the major drawbacks are high working costs, high energy consumption, and 
even only a large feeding quantity of wastes with a relatively high zinc content than 20% 
is usually required to be economical but there are some quantities of wastes with a low 
zinc concentration such as BOS dusts containing less than 10% of zinc [13]. 
Comparatively, hydrometallurgy overcomes the disadvantage that the wastes with a low 
zinc concentration can be treated on small-scale rather than a large treatment plant 
required by pyrometallurgy and hence hydrometallurgy is a more suitable alternative 
[14]. In other words, hydrometallurgical processes on a small scale are more 




concentration [15, 16]. Most importantly, a better selectivity in zinc removal and 
flexibility in end products can be provided. Today, some pyrometallurgical processes 
are gradually being replaced by hydrometallurgical processes [17]. 
 
Hydrometallurgical processes could offer an interesting alternative for zinc recycling if 
iron dissolution is controlled. Among the hydrometallurgical methods, alkaline leaching 
usually provides high pH of the final leachates and some harmful trace metals are also 
enriched [18]. Although higher zinc extraction was usually achieved using mineral acids 
as lixiviates, more iron was also dissolved at the same time requiring the complicated 
iron removal processes. Moreover, some negative effects could not be avoided in the 
leaching solution when using inorganic acids. For example, if the concentration of 
chloride ion from hydrochloric acid or sulphur ion from sulfuric acid was high, the final 
solution was unacceptable for industrial processes without further treatment [19]. 
However, there are many advantages in organic acid leaching such as low 
environmental impact, low operation cost, less energy consumption, better kinetics and 
recycling of the solution. Organic acids have been widely applied in the extraction of 
valuable metals from batteries and contaminated soils and there are various relevant 
reports provided by many researchers [20, 21]. However, the studies regarding the 
selective leaching of zinc from steelmaking wastes using organic acids to achieve high 
selectivity of zinc are rare and a low-environment-impact recycling process using 
organic acids is deserved to be developed [22, 23]. Some promising organic acids 
including oxalic acid, citric acid, acetic acid and tartaric acid were tested in previous 
researches. The zinc extracted into the leached solution can be further recovered by 
other methods, electrowinning, solvent extraction, cementation and precipitation. 
Overall, leaching with organic acids is one promising method among all the leaching 
processes. 
 
This thesis implements a systematic investigation on the removal of zinc from a basic 
oxygen steelmaking dust in the form of filter cake. A suitable organic acid with high 
selectivity of zinc removal is screened. The optimal operation conditions using the 
selected acid are investigated. The suitability of the leaching process to different 




zinc and iron is also investigated. Based on the findings and outcomes of this research, 
low cost organic acid solutions and the optimal leaching conditions are recommended 
for the commercialisation of the established process. After removal of zinc from the 
steelmaking dusts, the waste materials can be recycled in steelmaking to achieve 
recovery of the iron from the harmful wastes which will have a great contribution to 
promote the sustainable development of steel industry. 
 
The thesis is prepared in the format of a series of publications. Following the Higher 
Degree Research (HDR) Thesis by Compilation Rules of University of Wollongong, the 
thesis is constructed with the following chapters. 
 
Chapter 1. General Introduction. This chapter includes a summary of the background, 
the significance and the scope of the project. A comprehensive literature review is 
provided. The aim and objectives are formulated based on the literature review. It also 
includes the analytical instruments and research methods used in the PhD project in 
more details which cannot be described in publications. 
 
Chapter 2. Zinc Removal from Basic Oxygen Steelmaking (BOS) Dust by Leaching 
Using Organic Acids. This chapter investigates the leaching capacity of different 
organic acids to the zinc in the second generation BOS dust to develop a better 
understanding of the leaching process by different acids. The fresh BOS filter cake 
sample and the leached samples are characterised to assist in understanding the 
fundamentals of the leaching process. Butyric acid which has the best selectivity of 
leaching zinc over iron is screened for further investigation. 
 
Chapter 3. Removal of Zinc from Basic Oxygen Steelmaking (BOS) Filter Cake by 
Selective Leaching with Butyric Acid. This chapter investigates the effects of different 
operating parameters on the leaching of zinc by butyric acid to understand the basic 
phenomena in the leaching/post leaching processes. The existing states of zinc and their 
leaching performance during leaching are also studied. Additionally, re-leaching of the 
leaching residues with new acid and reuse of leachate for the leaching of fresh filter 





Chapter 4. Comparison of the Leaching Behaviors of Zinc from Three Basic 
Oxygen Steelmaking (BOS) Filter Cakes. This chapter implements a comparative 
study of the zinc leaching performance in different steelmaking filter cakes with 
different zinc content in zinc-containing phases and different oxidation conditions. This 
chapter develops fundamental understanding of the presence of zinc in different 
steelmaking dusts and how it affects the leaching behaviour of zinc using butyric acid. 
 
Chapter 5. Effect of Addition of Other Acids to Butyric Acid on Selective Leaching 
of Zinc from Basic Oxygen Steelmaking (BOS) Filter Cakes. This chapter examines 
the effect of addition of other acids into butyric acid on the leaching of zinc in order to 
understand the interaction of different acids and its effect on the leaching of zinc. The 
outcomes of the investigation can be applied to formulate the specific requirements to 
the acid used in the leaching and make decision on the acid resources in future 
commercialization of the developed technology. This is critical to the economic 
feasibility of the commercial application of the technology. 
 
Chapter 6. Conclusions and Recommendation of Future Work. This chapter 
summarises the major findings and recommends future directions for further 





1.2 Literature Review 
This chapter provides a brief review of literature on the iron and steelmaking processes, 
the formation and chemical compositions of the steelmaking dusts, the processing of 
steelmaking dusts with strong emphasis on acid leaching. The applications of 
pyrometallurgy and hydrometallurgy to extractive metallurgy regarding present and 
previous research activities are presented. Previous investigations of the 
hydrometallurgical processing of the steelmaking wastes particularly using organic 
acids leaching are summarized. 
1.2.1 The steelmaking dusts from iron and steel making process 
Several processes are involved in the production of steel, and the major operations are 
as follows: (1) the ironmaking process, (2) the steelmaking process, (3) secondary 
steelmaking, (4) continuous casting, (5) hot and cold rolling, (6) coating. The 
correlation of these operations in the iron and steel making industry is depicted in a 
general flow diagram as in Figure 1.2. 
 
Figure 1.2 The iron and steel making flow diagram [24]. 
 
With the rapid development of iron and steel industry worldwide for more than a 
century, significant quantities of dusts have been generated from the steelmaking 




cadmium and hence are classified as hazardous materials because of their eco-toxicity 
characteristics [25]. As can be seen from Figure 1.2, three major kinds of dusts usually 
generated in the steelmaking industry, including BF dusts, BOS dusts and EAF dusts are 
unable to be directly recycled due to their high zinc content.  
1.2.1.1 The formation of steelmaking dusts 
In the iron and steel industry, the furnaces generate a vast amount of dusts every day, 
being the main dust generators. It was estimated that 1-2% of the charges added into the 
steelmaking furnace ended up in the dust stream in steel production [13]. Therefore, the 
composition of the steelmaking dusts is directly related to the chemical composition of 
the charged materials. Kumar and Liu reported that over 30 million tonnes (MT) of 
dusts were generated annually [26]. Figure 1.3 presents the worldwide distribution of 
the steelmaking dusts but only one-third of the dusts have been recycled. Above 
numbers for China must have been significantly increased due to the vast increase in 
Chinese steelmaking capacity in the past couple of decades. All steelmaking operations 
are known to take place at temperatures over 1600 °C, so the metals like zinc, lead, and 
cadmium are mostly volatilized and entered into the gas phase and further being 
collected from the filters of the furnaces’ gas-cleaning systems. 
 
Figure 1.3 Distribution of steelmaking dusts over the world [13]. 
 
Iron oxide is converted into hot metallic iron in the blast furnace. The gases are 
generated at a rate of 10-20 mg/Nm
3
 along with the manufacture of iron in the blast 
furnace. The subsequent separation of solids from the gases is made possible directly by 
filtration or electrostatic precipitation, leading to dusts with particle size larger than 0.1 
mm. BF dust, collected from wet cleaning of the off gases carried out of blast furnace 




also contained in BF dusts, causing serious pollution without disposal. Iron is present 
mainly as metallic iron, wustite, hematite, magnetite and franklinite. Some harmful 
elements such as Na, K, Zn, and Pb etc. are introduced mainly from iron ore raw 
materials, indicating a major concern for sustaining stable operation of a blast furnace 
[27]. In Europe alone, about 500,000 ton of BF filter cake is produced in the steel 
industry per year. In Iran, the production can reach as high as 42,000 ton yearly. 
Besides, the generation in Spain amounts to 28, 000 tons annually.  
 
Basic oxygen steelmaking is the furnace used for refining the hot metallic iron from the 
blast furnace into steel products of different specifications. The production of BOS can 
be interpreted as a series of procedures by which iron and added materials like scrap and 
limestone are mixed and then purified by an oxygen lance at 1450 °C targeting into a 
BOS converter in order to reduce the carbon content. In regard to BOS dusts, 
tremendous amounts of these dusts are carried out of BOS vessels by BOS off-gas and 
collected by BOS off-gas cleaning equipment [28]. It should be noted that BOS dry 
dusts originate from a dry BOS off-gas cleaning system while BOS sludge results from 
a wet BOS off-gas cleaning system. After the dust is treated by water scrubbing and 
press filtration, it can be collected in the form of filter cake. It is reported that about 7-
15 kg of dusts are generated for per ton of steel production during the BOS process [29]. 
There are also some reports that 5-7 million tons of BOS sludge is generated all over the 
world per year. Taking Brazil as example, the production of BOS sludge is reported to 
be approximately 230 thousand tons each year. 
  
EAF dust is a critical waste produced in an electric arc furnace when steel scrap is 
melted during the steelmaking process. Figure 1.4 presents the EAF involved operations 
and corresponding dust formation [30]. The formation of EAF dust is strongly linked to 
five steps, namely furnace charging, smelting, refining, slag foaming, and casting. 
During the meltdown of scrap, volatile components are expelled and then collected from 
the off-gas cleaning system along with particulate matter. When the metal is fused, the 
temperature of the furnace can reach in excess of 1600 °C. Many components of the 
charge, including zinc and lead, are mostly volatilized at the early stages and gradually 




gas phase. The metal gases exit the furnace and the fumes are dropped because of the 
descending temperature, followed by being oxidized and condensed. Once the vapours 
are cooled down and collected, vast amount of EAF dust is obtained [31]. It is estimated 
that EAF steelmaking represents approximately 27% of the world’s annual steel 
production and the dusts generated from EAF are about 10-20 kg for per ton of 
produced steel. Currently, the world generation of EAF dust can reach up to 5-7 million 
tons each year. European plants, particularly, generate approximately 500,000-900,000 
tons of EAF dust per year, followed by 170,000 in Italy, 160,000 in Germany, 140,000 
in France, 115,000 in Spain, 60,000 in Thailand and 15,000 in Greece per year [32, 33].  
 
 
Figure 1.4 The formation of dust in an Electric Arc Furnace [30]. 
1.2.1.2 The chemical composition of steelmaking dusts 
It has been demonstrated in many previous studies that the chemical composition of the 
above steelmaking dusts varies widely based on the operating conditions, storage 
conditions and landfill time. Taking BOS dusts for example, the inconsistent nature of 
the charge material gave variable composition. It is the portion of the scrap in the charge 
like zinc and lead to decide their contents in dust discharged into the off-gas stream. 




general, iron accounts for majority of the dusts (24-73%), and zinc represents a 
significant amount varying from 0 to almost 30% as summarized in Table 1.1. Iron, in 
steelmaking dusts, is mostly in FeO and Fe3O4 phases, rest balanced mainly as Fe, 
Fe2O3 and ZnFe2O4.  
 

















Fe 27.8 37.08 32.00 41.44 36.2 38.49 47.7 49.87 
Zn 20.9 12.2 24.8 0.77 0.6 5.10 2.74 9.37 
Ca 4.3 2.19 4.08 3.06 5.0 2.25 6.8 5.36 
Si 2.1 - - 3.28 4.6 4.66 0.61 0.41 
Mg - - - 1.12 1.0 - 0.55 1.61 
Mn 3.2 - 3.31 - 0.3 - 0.49 - 
Al - 0.41 1.03 0.92 1.8 2.57 - - 
K - - - - - - - - 
Na - - - - - - - - 
Cu 0.36 0.17 0.02 - - - 0.10 - 
Pb 2.7 1.72 1.84 0.06 - 0.94 0.18 0.24 
Ni 0.06 - - - - - 0.09 - 
Cr 0.77 0.22 - - - - 0.01 - 
Co - - - - - - 0.02 - 
Cd - 0.01 0.03 - - -  - 
LOI - - 0.01 21.91 - - 12.5 - 
 
Majority of zinc originates from galvanized steel scrap used in steel production. Zinc 
generally exists in two forms as zincite (zinc oxide, ZnO) and franklinite (zinc ferrite, 
ZnFe2O4).  The zinc content in the form of ZnO is about 50-80%, while the remaining 
20-50% is in form of ZnFe2O4. ZnO is known to result from zinc bearing steel scrap and 
oxidizing environment in BOS or EAF, but it is high temperature and oxidizing 
condition that promotes the formation of ZnFe2O4. ZnFe2O4 has a very stable spinel 
structure which is known to be very difficult to be dissolved by using normal acid 




clearly from Figure 1.5 that ZnFe2O4 is a typical spinel with both A and B cations 




Figure 1.5 The structure of AB2O4 spinel [40]. 
 
When the used raw material is all steel scrap, more non-ferrous metals are found in the 
EAF dust. However, it is galvanized scrap that normally used in EAF operation. The 
zinc concentration in the EAF dust usually varies from 11 to 27%, but sometimes can 
reach the maximum at 40%. Besides, lead, cadmium and minor amounts of chromium 
and arsenic are contained in the EAF dust. The BOS dust is a by-product very rich in 
iron with wide range of 50-80%, while zinc content varies in the range 1%-8%. Calcium 
oxides are present in different forms with about 5-9%. Some harmful metals like 
cadmium, nickel, chromium, lead and manganese are also contained [11]. The BF dusts 
are usually rich in carbon and iron, and the other major compounds are mixture of 
oxides including CaO, MgO, Al2O3 and SiO2. It is reported that BF filter cake contains 
21-32% of iron, 15-35% of carbon, 1.0-3.2% of zinc, and 0.3-1.2% of lead [1].The low 
levels of zinc and lead are caused by the fact that only minor amounts of both elements 
are charged into the iron making process. 
 
It is well-known that BOS steelmaking represents about 57% of the annual steel 




and this increasing trend is likely to continue in the steel industry due to the growth of 
steel production caused by capacity expansion and improved capacity utilization. In 
contrast with the tabulated composition of EAF dusts, BOS dusts have much lower 
amounts of non-ferrous metal oxides. Depending on different operating conditions, the 
carbon content in the BF dust is usually higher than that contained in the BOS dust 
while no metallic iron is normally contained in BF dust. Also, BOS dust is finer than BF 
dust due to the difference between standard processes. It should be noted that the zinc 
content in EAF dust is the highest among these three steelmaking dusts. 
 
Overall, the generation of steelmaking dusts is not advantageous since it adversely 
affects the processing properties and further compromises the eventual quality of steel 
[41]. They are also a source of disposal wastes loading on the surrounding environment. 
1.2.1.3 The recycling problem of steelmaking dusts 
Steelmaking dusts are waste oxide materials with iron oxides as major component. It is 
desirable to recycle their iron value, but unable due to their high zinc content [42]. 
There are two concerns related, namely the adverse effects on the environment and the 
valuable source of iron. Since removing these dusts by landfills became increasingly 
less used due to the increased storage costs, and therefore their recovery and recycling is 
the target of this thesis. 
 
As stated above, iron and steelmaking industries can generate large amounts of 
steelmaking dusts. The steelmaking dusts are widely categorized as hazardous waste as 
a result of the chemical and physical properties, especially the presence of some metals 
like Zn, Cd, Pb and Cr. The landfill of these dusts results in the mobility of the 
contained toxic elements, which can lead to severe environmental issues. The particles 
in these dusts are actually aggregates of very fine individual particles, and hence they 
are easily discharged into the atmosphere and accumulated in soils during stockpile and 
even transportation. The upward trend of the stockpiled area by dumping is not 
beneficial to the environment, thereby the relevant environmental standards are 
constantly tightened. Apart from the environmental risk caused by the stockpile of these 




sites and logistics services. For example, the disposal cost for EAF dusts in the United 
States reaches about 200 million dollars per year [43]. As a result, effective recycling 
methods have to be found to treat the dusts that have already been dumped to solve the 
related environmental issues and reduce the disposal costs at the same time. Also, the 
formation of the dust during in-process steelmaking operations has to be controlled and 
hence the production can be reduced.  
 
On the other hand, steelmaking dusts can be recovered as metal resources because of 
significant amounts of zinc and iron contained. The BOS dusts are reported to contain 
over 50% iron oxides and the downstream processing products generate dust containing 
an average 30% iron also in oxide form. In reality, at  least  half  of  the modern 
steelmaking  production comes from  the  use  of  recycled  iron  units.  Therefore, the 
steelmaking dusts can be promising iron resources for cost savings or profit if they can 
be well recycled and reintroduced into the industry [44]. To obtain a non-hazardous 
residue that can be directly landfilled without environmental problems or reused in 
agglomeration units as raw materials in iron or steel making industries is an attractive 
option. However, only the zinc content be reduced to acceptable levels can recovery of 
iron be feasible. It was reported previously that in the iron and steel making processes, 
BOS sludge can only be reused when the final zinc content is lower than 0.4 wt.% [29]. 
But the fact is that the zinc content usually varies from 1% to 8% in BOS dusts and 
higher in BF dusts and the highest in EAF dusts. Therefore, recycling can be feasible 
only when zinc content can be reduced, otherwise the dusts have to be largely 
stockpiled and/or landfilled. 
1.2.1.4 The needs for selective removal of zinc from steelmaking dusts 
The general composition of steelmaking dusts is complex, and some contained 
components have adverse effects on both surrounding environment and steelmaking 
processes [45]. They are reported to be very rich in iron, and could be potential 
secondary raw materials as a replacement of costly virgin iron ores, limestone or 
dolomite to be recycled back into furnaces. However, zinc is present in the processes 
producing steelmaking dusts, either from the added raw materials or especially from the 




concentration in the steelmaking dusts is too high for the dusts to be recycled in blast 
furnace ironmaking process, simultaneously too low to be utilized as secondary zinc 
resources. As shown in Table 1.1, the percentages of zinc and iron in the three 
steelmaking dusts and sludge vary in broad ranges. They are therefore potential 
secondary resources of not only iron but zinc if economically efficient zinc separation 
processes can be found. As a result, zinc recovery with such a high percentage is also 
ideal for zinc resource besides iron recovery.  
 
On the other hand, it has been demonstrated that zinc is the main cause of many 
operational problems, affecting quality and increasing environmental costs. The very 
fine particles usually aggregate together to form larger particles, and hence BF 
refractory life is reduced and the quality of final pig iron is impaired due to high surface 
areas. In blast furnace, it is the combined effect of vaporisation, condensation, oxidation 
and circulation that causes zinc accumulation, and then further results in refractory 
failure, scaffold formation in the stack or complete filling of the gas off-take. 
Specifically, zinc in the furnace evaporates at the running high temperatures and 
subsequently condenses on the walls when the furnace cools down. The condensed zinc 
leads to a sudden falling of the load instead of the descending of the furnace load. 
Significant amounts of dust will be produced in the furnace and this probably has 
destructive effect on the installation and the fireproof coating. Consequently, feed to an 
iron blast furnace is confined to sufficiently low zinc content. For instance, the zinc 
content is required to be below 0.01% for iron ore sinter in a blast furnace. However, 
the actual zinc intake through dust varies for each plant based on zinc balance in the 
system [47]. For example, the dust emissions were decreased dramatically by 85% after 
SSAB Europe Raahe closed the sinter plant.  
 
The zinc level in these dusts makes direct recycling impossible and hence they are 
largely stockpiled and/or landfilled. The legislative pressure for environmental 
protection shows clearly that stockpiling of steelmaking dusts contaminates the land and 
water nearby to some extent.  
Most importantly, zinc accumulation in the steelmaking processes is likely to continue 




steel production shows an increasing trend, thereby increasing the zinc content in these 
dusts [48].  
 
On the contrary, the recovery of zinc from steelmaking dusts can save natural resources, 
alleviate furnace damage, but more importantly eliminate the associated environmental 
problems. Also, less energy is consumed producing zinc from steelmaking dusts. The 
energy savings using secondary sources can be approximately 30% in comparison with 
the primary sources [49]. The costs and benefits rely more on the level of zinc in the 
steelmaking dusts and the market price of zinc. 
 
Based on the above discussed reasons, it is necessary to selectively remove zinc from 
the steelmaking dusts. Otherwise, these solid wastes will continue to be stockpiled or 
landfilled for ages causing land occupation and environmental contamination [38]. 
Therefore, attempts to find a suitable and comprehensive method to solve this problem 
both environmentally and economically becomes practical and urgent in steelmaking 
industries. The recovery and recycling of steelmaking dusts, up to date, have been 
demonstrated essentially not only for protecting the environment but also for conserving 
metals and mineral resources especially iron and zinc. To conclude, recovery of iron 
from steelmaking dusts with acceptable zinc level is a great choice if it can be achieved 
economically. 
1.2.2 The zinc removal techniques from steelmaking dusts 
As mentioned above, it has become a challenging task and a critical step to separate zinc 
from steelmaking dusts effectively and efficiently with the aim to recycle the wastes 
generated in ironmaking and steelmaking processes. Currently, there are three major 
categories of separation techniques reported, including before-process separation, in-
process separation and post-process separation.  
 
Before-process separation, by eliminating zinc input into the steelmaking process, is to 
completely prevent undesired zinc at the very beginning of the production process in 
order to guarantee the wastes could be 100% recycled without facing zinc issues [50]. 




rare to be obtained. In-process separation, by eliminating zinc accumulation in the 
steelmaking process, is to separate zinc when the wastes are being collected by using 
separation equipment and operating separation without further plant construction or 
additional environmental protection. In other words, no possibility of the involvement 
of the unwanted components in the wastes was given during the generation process of 
these wastes [51]. However, higher investment will be required due to the sequential 
installation of at least two dust collectors with high-efficiency in the system. Also, a 
high-efficiency dust separator is rapidly quenched from high temperature to low 
temperature by collecting coarse solid wastes immediately after off-gas, resulting in 
large-size and fine-size portion of the dusts. Although there might be some application 
of these separation technologies in industrial production processes, this kind of 
separation still has not been widely studied by researchers [51, 52]. Different from 
before-process separation and in-process separation, post-process separation is widely 
demanded since increasing amounts of metallurgical wastes were disposed of at 
landfills. It is a strategy to remove zinc from the existing wastes that have been 
generated and have already contaminated with zinc. This separation can also be 
interpreted as a process to convert the high-zinc wastes into low-zinc raw materials by 
dezincing so that the wastes can be recycled into blast furnaces. In previous studies, 
many related technologies like carbonaceous thermal reduction separation with rotary 
kilns have been discussed, developed and tested. It should be emphasized that post-
process separation strategy is usually firstly considered in terms of the recycling issues 
of steelmaking wastes [53].  
 
The utilization of the post-process separation was previously discussed by many 
researchers, and economic must be considered and guaranteed on the basis of achieving 
high efficiency as a general strategy for zinc removal from steelmaking wastes. In order 
to improve the operational efficiency and develop cost-effective processes in 
metallurgical industries, innovative measures have already been taken up by many 
plants worldwide to utilize steelmaking dusts [54]. Due to the complex nature of the 
dusts, the management has always presented significant challenges for both 
environmentalists and metallurgists. Up to now, two major technological processes of 




hydrometallurgical and pyro-metallurgical processes [55]. Hybrid processes that 
combined with these two stages were also investigated such as thermal reduction 
followed by leaching [10, 56]. And the aim of all these processes is to recover the 
valuable metals. However, it is inevitable that there are still some problems related with 
these treatments and there are no completely satisfactory processes [57, 58].  
1.2.2.1 Pyrometallurgical processes  
Pyrometallurgy, by extracting metals using thermal methods, is a complicated 
technology. Some reactions between gas, solid and liquid metal are also involved. It is 
based on reductive heating of the dusts at temperature range of 1200-1400 °C, and zinc 
metal is formed, volatilized, then oxidized and condensed as zinc oxide. Zinc oxide is 
captured in baghouses while solid iron oxides are returned to iron metallurgy [59]. 
Some commonly used methods include rotary Waelz kilns, chlorination roasting, 
plasma, and flame reactor processes. However, some reducing agents and relatively 
high temperatures are required to complete these processes.  
 
Today, the most commonly used pyrometallurgical treatment of zinc-bearing residues is 
the Waelz kiln process recycling in rotary tubular furnaces which represents 80% of the 
dusts recovery. With the aim to achieve a best zinc recovery, temperature distribution in 
the kiln has to be strictly controlled. The maximum temperature can reach about 1250 
°C and no additional heating is required under normal operation conditions as it is auto-
thermal. However, there are no constant values for the optimal temperatures and they 
rely on the characteristics of the added raw materials [60]. Due to the fact that this 
process works in a large-scale, the required dusts must be treated in relatively large 
processing plants and collection from many sources and transportation cannot be 
avoided [61]. Finally, zinc is vaporized at higher temperatures and can be recovered as 
metallic zinc or zinc oxide [62]. 
 
Chlorination roasting, also as a high temperature method, can be used to recover 
valuable metal from metal oxides contained in steelmaking dusts [63]. By using a 
chlorination agent, many promising separation and extraction methods are involved in 




99% of zinc is recovered from the weathered BOS dust with NH4Cl as the chlorination 
reagent at roasting temperature of 750 °C and wide ranges of roasting times (10-180 
min), but 20-35% of iron is also chlorinated [6]. Brocchi and Moura obtained the results 
that most of the refractory metal oxides in available tin slags were transformed into 
corresponding chlorides after 40 min chlorination reaction at 900 °C [63]. 
 
Plasma-based treatment processes are currently developed, and they are custom-
designed for the capacity of specific steelmaking location [61]. By the passage of 
electric current through a gas in a process, a sustained electrical arc is created. The 
plasma is formed when the heat generated in the system strips away electrons from the 
gas molecules [57]. In an AC plasma reactor, the zinc oxide contained in EAF dust is 
reduced under the atmosphere of carbon monoxide and 97% of zinc recovery is 
achieved [65]. By developing a new plasma device named the Sustained Shockwave 
Plasma (SSP), batch tests carried out in laboratory (500 g/h) have demonstrated 
successful treatment of EAF dusts as recycling is considered feasible by producing a 
non-hazardous solid that can be recycled [66]. 
 
The Flame Reactor Process is another important pyrometallurgical method of treating 
steelmaking dusts especially in the USA. A flame-reactor demonstration plant usually 
contains a water-cooled vertical cylinder divided into a combustion stage and a smelting 
stage [67]. During this process, zinc oxide is reduced in a special reactor. Zinc vaporizes 
into a combustion chamber with process gases, and then undergoes secondary oxidation. 
The zinc oxide obtained enters the production line to be further processed into metallic 
zinc [68]. 
 
However, high-energy consumption and dust collecting/gas cleaning systems 
requirement are two main disadvantages of the pyrometallurgical methods [69]. These 
pyrometallurgical processes are thus gradually being replaced by hydrometallurgical 




1.2.2.2 Hydrometallurgical processes 
Hydrometallurgical processes, by extracting metals using aqueous solutions, are 
regarded as environmentally friendly and economical treatment for the recycling of zinc 
containin wastes. With the depletion of metallic resource, this technology becomes 
more and more important in the steelmaking industries for the recovery of metallic 
values from secondary sources, especially zinc recovery from steelmaking wastes [48]. 
This process is based on leaching zinc, followed by zinc recovery from the leaching 
solution. And the objective is also to recover zinc and some other valuable elements and 
to get a non-hazardous solid that can either be stockpiled without environmental 
contamination or reused in the furnaces [72]. It is reported that the zinc content in the 
final iron-bearing residue should be less than 0.4 wt.% to meet the requirements for 
recycling into steel making processes [29, 48].  
 
For metal recovery from the zinc-bearing wastes, three hydrometallurgical treatments 
have been proposed including bioleaching, alkaline leaching and acid leaching. 
 
(1) Alkaline leaching  
It was found that more studies have been published about using sodium hydroxide 
(NaOH) as a leaching agent in terms of alkaline leaching of steelmaking wastes. 
Moreover, there were also some studies about using ammonia and sodium diphosphate.  
 
By contrast, NaOH is highly efficient in dissolving zinc, cadmium, and other toxic 
heavy metals while iron cannot be leached [73]. Using NaOH as leaching agent at 450 
°C and 0.75 of liquid to solid (L/S) ratio within 5 hours, approximately 94% of zinc 
removal and practically no iron extraction were obtained from BOS sludge after 
decomposition of the franklinite [74]. The residue was firstly washed with 5 wt.% HCl 
and then leached by using 3 N NaOH, 68.6% and 35.3% of Zn was dissolved from 
primary and secondary fly ash, respectively [75]. After 4 hours of leaching at 90 °C 
using 6 M concentration of NaOH, 74% of zinc removal was achieved from the EAF 
dust with 12% of zinc content [34]. In extracting zinc from a zinc oxide ore, with the 
leaching conditions of 65-76 µm particle size, 5 M NaOH concentration at temperature 




leaching rate was less than 1‰ [18]. It was also reported that 85% of zinc was 
recovered from EAF dusts under the optimum conditions of 10 M NaOH concentration 
at 95 °C and L/S ratio of 7 for 2 hours [69]. Zhao and Stanforth achieved the best 
leaching results for the production of zinc powder from smithsonite ores by using 5 M 
NaOH in the temperature range of 90-95 °C for 90 min [76]. As reported by Zhao and 
Stanforth, only 38% of zinc leaching rate was obtained by leaching directly using 
caustic soda solution, but the rate increased sharply to 80% by roasting the dust with 
caustic soda before alkaline leaching, and a higher rate of 95% was achieved when the 
dust was treated via hydrolysis-fusion-leaching process [35]. However, NaOH is 
actually not a suitable leaching agent in consideration of the requirement of further 
treatment for the final leaching residues despite that it was highly effective in leaching 
of zinc [77]. 
 
Ammonia functions by forming a zinc amine complex while leaving iron in the final 
residue, making them suitable for the selective leaching of zinc from steelmaking 
wastes. Among them, the ammonium carbonate solution has been extensively applied. It 
is well known that ammonium carbonate was widely used for the copper and nickel 
dissolutions. However, commercial recovery of zinc can also be achieved by employing 
ammonium carbonate [78]. In a previous study, zinc recovery from a ZnO rich 
containing Waelz oxide reached a highest value at 2.5 M ammonium carbonate and no 
increase was observed above this concentration, and the leaching kinetics were also 
improved with additional ammonia to  increase  the  pH  to  10.2-10.5. It was found 
from a recent study that by using ammonium carbonate, a zinc recovery of 45% was 
obtained and the rate could be higher if the dust contained no zinc ferrite [11]. 
Ammonium chloride solution was also studied to leach zinc from zinc oxide ore, and 
the zinc extraction was about 90% under the optimal conditions with 5 M concentration. 
At the same time, only 0.61 ppm iron content was detected in the leachate [79]. Using 
an ammonium sulphate solution to leach zinc from a fuming furnace dust, Tang et al. 
found that the zinc leaching rate reached 85% under the optimum conditions with 4.0 M 
concentration [80].  
 




was studied, and 66.4% and 88.4% of zinc removal was achieved by single and double 
leaching, respectively, with sodium diphosphate (Na4P2O7) as the leaching agent [81].  
 
In light of all these, alkaline leaching seems to be advantageous because of the selective 
removal of wanted metal and low extraction efficiency of other impurities. However, 
relatively concentrated leaching medium are required making it unsuitable as a costly 
method [29].  
 
(2) Bioleaching  
Bioleaching, by extracting metals from the ores using living organisms, can result in the 
dissolution of the metals. It is the microorganisms that transform solid compounds in 
order to recover the extractable elements [82]. 
 
Aspergillus niger is the commonly used bacteria in bioleaching of heavy metals. A. 
niger was found to be effective for metal solubilization from a low-grade mining ore 
due to the ability to generate a variety of organic acids including citric acid, oxalic acid, 
acetic acid, tartaric acid, malic acid and phytic acid. A maximum zinc recovery of 46% 
and only 7% of iron removal were achieved with the addition of sulfuric acid [83]. By 
using Acidithiobacillus ferrooxidans to leach metals at pH about 1.3 and a solid 
concentration of 1% (w/v), maximum dissolution was obtained with 35% of zinc but 
37% of iron extracted from steel plant waste [84]. For zinc leaching from Moore cake 
using Thiobacillus ferrooxidans, about 40% of zinc was recovered in a percolation 
experiment [85]. 
 
To this end, the use of bioleaching by some bacteria or fungi to treat steelmaking dusts 
will require a basic step to apply some organic acids which can be available from 
biodegradation of organic contaminants in removing zinc from steelmaking dusts. These 
organic acids can be carboxylic acids including citric acid, oxalic acid, acetic acid and 
propionic acid, which have been demonstrated effective in many previous studies. To 
some extent, bioleaching can be interpreted as organic acid leaching. Organic acid 
leaching is an important step to choose suitable bacteria or fungi before application of 




bioleaching. But it is worth to address that bioleaching is slower than conventional 
techniques using organic acids. 
 
(3) Acidic leaching 
Compared with alkaline leaching, acid leaching is better accepted by the advantages of 
better kinetics, easier processing of leached solutions and no requirement of 
concentrated solutions. More importantly, very low cost of acids is consumed but higher 
metal extraction into a solution is obtained.  
 
In regard to mineral acids, the primary work was focused on the utilization of 
concentrated sulfuric acid, hydrochloric acid and nitric acid. Sulphuric acid, as 
previously reported, is most widely used not only because of its low cost but what is 
more desirable is that zinc cathode can be produced from sulphate solutions by zinc 
electrolysis. Hydrochloric acid also has been demonstrated to be a very effective 
leaching agent, especially for the leaching of unwanted zinc ferrite. Nitric acid, as 
reported by many researchers, offered excellent prospects for achieving high levels of 
metal recovery but the use of nitric acid as a leaching reagent is still limited in 
comparison to sulfuric acid due to its higher cost. The major drawback employing 
mineral acids is that iron dissolution cannot be controlled with the extraction of zinc 
causing low or even no selectivity of zinc over iron. There are also potential risks of 
environmental problems caused by these inorganic acids if the treatment were not 
performed well. 
 
Nowadays, organic acids have gained more attention as alternative leaching reagents to 
provide environmentally acceptable techniques for selective leaching of zinc from 
steelmaking wastes. Compared with the mineral acids, organic acids are more desired as 
they can be produced from bacterial degradation of contaminates representing lower 
costs. In general, gluconic acid, acetic acid, oxalic acid and citric acid were widely 
employed in extracting metal from metallurgical wastes. Ascorbic acid, benzoic acid, 
acrylic acid and malonic acid were also reported to selectively leach zinc from blast 




1.2.2.3 Hybrid processes 
It is known that zinc in steelmaking dusts is present as ZnO and ZnFe2O4. Although 
ZnO can easily dissolve in strong acids like H2SO4 and HCl, the ferrites can be very 
difficult to be extracted without dissolving iron from the dusts. Hybrid process, 
combining hydro- and pyro-metallurgical processes, is a fancy process to take 
advantage of pyro-metallurgical process to decompose zinc ferrites and followed by 
hydrometallurgical techniques to recover the non-ferrous metals. To deal with this issue, 
the dusts can be roasted firstly to convert the ferrites into more soluble forms. Some 
hydrometallurgical techniques like acid or alkaline leaching are then used to remove 
zinc from the dusts. 
 
It was found by Rabah and EI-Sayed that metallic zinc can be successfully dissolved 
from the secondary resources by using hybrid process. The fine fraction was first 
subjected to pyrometallurgical treatment at 600 °C to get zinc ash and slag, and then 
acid leaching was performed to achieve a final zinc extraction of 99% [86]. Also, 
ZnFe2O4 in the EAF dust was converted into soluble ZnO, Na2ZnO2 and insoluble 
Fe2O3 by fusing with caustic soda at low temperatures, and then the new compounds 
were easily dissolved in the subsequent dilute caustic leaching process. After such a 
hybrid process applying fusing and leaching, 95% of zinc recovery was obtained [10]. 
1.2.2.4 Pyrometallurgical versus hydrometallurgical processes 
Pyrometallurgy, employing high temperature techniques to extract metals, is potentially 
cost effective and complicated in removing zinc from steelmaking dusts [87]. Some 
problems include great energy consumption, low zinc yield, worthless residues, and 
toxic gases emission [88].  
 
On the other hand, hydrometallurgy employs liquid solvents. The technique is an 
interesting and promising alternative for future recycling of zinc on the basis of 
controlling iron dissolution [89]. Very few commercial processes have been involved, 
and some small scale on-site ones were more economical and environmental acceptable 
because of lower price of the reagents, lower operating costs, higher recovery of the 




Specifically, no problems related with off-gases, dust nuisance and noise were raised in 
comparison with pyrometallurgy [38]. Additionally, hydrometallurgy offers higher 
flexibility in plants and higher possibility of extracting more valuable metals from the 
steelmaking wastes. The only requirement we should consider for the hydrometallurgy 
is that zinc must be selectively leached out without much iron dissolution from the 
steelmaking wastes due to the challenge of controlling iron dissolution. 
 
Although both pyro- and hydrometallurgical approaches have their specifics, merits as 
well as demerits for treating steelmaking dusts like BF and BOS dusts and many hybrid 
processes also have been utilized for better results, there are still significant problems 
associated with each of the above processes. Overall, the most appropriate recycling 
strategy is mainly dependent on the unique chemical and mineralogical composition of 
each individual dust [34]. Nowadays the pyrometallurgical techniques are being 
gradually replaced by hydrometallurgical processes [91]. 
1.2.2.5 Post-leaching process 
The final step of leaching but critical is to recover the leached metals from the solution 
after leaching without further problems, which can be achieved by using many 
techniques including solvent extraction, selective precipitation, cementation or 
electrowinning.  
 
(1) Selective precipitation 
Iron must be removed from zinc leach liquor before electrolysis since it is a severe 
unwanted impurity. And iron can be easily removed by simply controlling the pH of the 
leachate based on the Eh-pH diagram in the system. Precipitation is usually used here. 
A salt with lower solubility is precipitated and the formed precipitate is separated by 
decantation and filtration. The obtained filtrate is then left for the following step. 
 
(2) Cementation 
Cementation is often employed for extracting metals from leachate as it is one of the 
oldest and simplest precipitation methods with an electrochemical mechanism [85]. In 




having a lower oxidation potential by another metal having a higher oxidation potential 
in the leaching solution. 
 
(3) Solvent extraction 
Solvent extraction in hydrometallurgy began in 1942, and it has gradually become an 
important separation technology [92]. This hydrometallurgical technique can be used 
for the removal, separation and concentration of metals from aqueous media and has 
been widely used in the separation of zinc from leaching solutions. It is reported that 
zinc is selectively extracted from the purified pregnant liquor using di-2-ethylhexyl 
phosphoric acid (D2EHPA), while the acid left is recycled for further leaching [48]. 
 
(4) Electrowinning 
Electrowinning is the electrodeposition of metals that have been transferred into 
solution via a process commonly referred to as leaching from the steelmaking wastes. In 
the process, an electric current is passed from an inert anode through the leaching 
solution containing the wanted metal, followed by the extraction of the metal to deposit 
onto the cathode by the chemical reaction [93].  
 
There are a series of requirements for the leaching liquors to be fed to electrowinning 
process. Firstly, one critical step is to purify the liquor since zinc electrolysis can be 
hindered even with low concentration of some impurities in the electrolyte [94]. Hence, 
it is imperative to eliminate these impurities before electrolysis to get leaching liquors 
with high purity. It should be noted that fluoride and chloride corrode the electrodes 
during the electrolysis stage, so their concentration is limited to 12 and 400 ppm, 
respectively. More importantly, the optimal concentration of zinc in the leaching 
solution should range between 50 and 70 g/L but 40 g/L is the minimum. For the 
selection of electrolyte, aluminium is generally used due to the fact that no alloys will 
be formed with zinc. Lead and copper are also good choices. Then, some critical 
parameters of the electrowinning process should be optimized including voltage, 





For the above post-leaching processes, each one has its own advantages and limitations 
but electrowinning is more eco-friendly and economic. As an oldest industrial process, 
electrolytic recovery of zinc is of great importance with the increasing worldwide 
demand for this metal has reached about 9 MT annually. It is estimated that about 80% 
of the world zinc production is obtained by electrowinning, and it is the major step for 
zinc recovery from both primary and secondary sources. Also, this process has the 
advantages of using few chemicals, generating non-hazardous wastes, saving energy 
and requiring low maintenance.  
1.2.3 Acidic leaching of zinc from steelmaking wastes 
Acidic leaching, as demonstrated in some previous studies on lab scale, is a very 
interesting and promising way to recover zinc from steelmaking wastes since less 
energy, lower capital and operating costs are consumed with a relative high leaching 
rate of zinc. However, the selectivity of zinc is still not satisfactory and the results 
cannot be directly compared due to the great variability of the leaching conditions and 
the chemical compositions. For this reason, the possibility of developing an efficient, 
economic and ecological acid leaching method to treat the steelmaking wastes needs to 
be investigated. In consideration of the type of the acids used, the main treatments 
included inorganic acid leaching and organic acid leaching. 
1.2.3.1 Inorganic acid leaching 
Among the inorganic acids which can be used to remove zinc, sulphuric acid is the 
mostly used one because it is conventionally available and cost-efficient and also 
effective to dissolve zinc [96]. However, the related SO2 generation to contaminate the 
environment and corrosion issues to the equipment in recycling the wastes cannot avoid 
and the co-dissolution of iron-containing compounds significantly reduced the 
selectivity of zinc. Besides, there are many studies about using hydrochloric acid and 
nitric acid since they have strong activators. Both zinc and iron contained in the 




 in the acids. The metal extraction 
using these three acids was once reported decreasing in the following order: sulphuric 
acid > hydrochloric acid > nitric acid. However, leaching with the latter two acids are 




zinc [97]. Other contained compounds like CaCO3, CaO and CaFe2O4 can also be 
dissolved with zinc by the above mineral acids. 
 
Under the optimal leaching conditions to leach zinc from BOS sludge using 1 M 
sulphuric acid at 80 °C for 15 min, 70% of zinc extraction was achieved but together 
with unwanted 70% of iron dissolution [38]. According to Kelebek et al., using 
sulphuric acid leaching from the BOS sludge sample at a pH of about 2 for 17 h, 81% of 
zinc and 17.9% of iron were extracted from the >38 μm coarse size while only 29.2% 
and 1.85% of zinc and iron removal were achieved for the <38 μm fines [29]. 
Oustadakis et al. conducted zinc extraction from EAF dusts with diluted sulphuric acid 
as leachate, 80% leaching rate was achieved under the optimum leaching conditions of 
acid concentration of 3 N, temperature of 60 °C and L/S ratio of 10 [98]. Sulfuric acid 
was tested to extract zinc from EAF dusts in a Jordanian steel plant, and the result 
showed that 72% of zinc recovery was obtained by using H2SO4 concentration of 0.1 M 
and temperature of 50 °C at 900 rpm [99]. According to Strobos and Friend using 
sulphuric acid to leach zinc from baghouse dust produced at ferrochrome foundries, zinc 
recovery reached 71.2% with only 0.1% of iron dissolution under 336 g/L acid 
concentration and 0.56 L/S ratio. Nevertheless, the good selectivity of zinc over iron 
provided no significant guidance because the dust was mainly composed of SiO2 and 
MgO at 45.21% and 22.15%, respectively, while the total iron content was only 2.33% 
[100]. 
 
To remove zinc from the primary and second fly ash from municipal waste incineration, 
94% of zinc together with 62.5% of iron were extracted by using 10 wt.% HCl [75]. 
Langová et al. studied selective leaching of zinc from synthetic zinc ferrite and a dried 
sludge from an oxygen open hearth furnace using HCl, 93% and over 99% of zinc was 
solubilized under leaching condition of 0.3 M acid concentration, temperature of 260 °C 
and pressure of 85 bars for 100 min whilst iron remained as hematite [101]. Hot 
hydrochloric acid solutions were employed to extract zinc from EAF dusts combining 
with electrowinning in a chloride bath, and exceeding 90% of zinc recovery was 
obtained with minimal iron dissolution in acid concentration range of 1-2 M while over 




leaching of zinc from BF dust. 78% of zinc was removed using concentrated 
hydrochloric acid but the leaching rate reached as high as 96% with the addition of 
FeCl3 to change the oxidation-reduction potential (ORP) [103]. 
 
Ciba et al. obtained 88% of zinc extraction with 33% of iron dissolution using 10% of 
nitric acid at room temperature [104]. Canterford et al. applied a redox process leaching 
zinc from steel plant flue dust and metallic zinc containing wastes from galvanizing 
operations, using nitric acid as lixiviant [105]. 
 
The above listed studies have demonstrated that zinc removal reached maximum at 99% 
depending on the dusts used and on the leaching conditions but significant high levels 
of iron were also dissolved up to 70% which dramatically reduced the suitability of the 
three discussed mineral acids. As a result, the good selectivity of zinc over iron was not 
achieved but there is still a need to remove the iron compounds from leached solution 
after the leaching process, which will make the process more complicated and costly.  
The requirement of higher temperature than performed at room temperature is also not 
energy saving for the potential industrial application. 
1.2.3.2 Organic acid leaching  
Known as an environmental friendly and cost saving leaching method, organic acid 
leaching is gaining more attention in extraction of zinc from different kinds of wastes 
including metallurgical wastes. The commonly used acids in the leaching process 
include oxalic acid, citric acid, gluconic acid, tartaric acid and malic acid. Those organic 
acids can be produced by microbial processing from bacterial or fungal, being able to 
remove metals by many different leaching mechanisms.  
 
Based on the research by Kinoshita et al., citric acid leaching at 1.0 M concentration and 
296 K showed 88% of zinc extraction from the fly ash of automobile tire wastes with 
only 5.7% of iron dissolution. Comparatively, a merely 0.6% zinc extraction 
corresponding to 41% iron dissolution were observed under the same conditions by 
oxalic acid leaching. Mulligan et al. revealed that oxalic acid was more effective than 




oxide mining tailings at 80 ºC, 0.5 M acid concentration, 350 μm size sample and L/S 
ratio of 10 for 60 min, 82% of zinc was recovered [106]. Nagib and Inoue studied zinc 
leaching from the primary and second fly ash from municipal waste incineration using 
20 wt.% acetic acid, 62% and 97% of zinc recovery was achieved, respectively [75]. 
According to Wu and Ting, oxalic acid, gluconic acid and citric acid were tested to 
leach zinc from 1% (w/v) fly ash and 60-70% of zinc removal was obtained using acids 
at 0.5 M concentration, while 60-80% of zinc recovery at 0.1 M concentration [107]. 
 
Prop-2-enoic acid was demonstrated efficient in selective leaching of zinc over iron 
from BF dust slurry, with 83.1% and 8.5% of zinc and iron extraction, respectively. 
Similarly, 90.4% of zinc was dissolved with only 10.6% of iron using poly (acrylic 
acid-co-maleic acid). Other acids like propanedioic acid, benzoic acid and ethanoic acid 
also showed some selectivity of zinc over iron in the study but only for oxalic acid, 
higher iron leaching rate than zinc extraction was obtained [36]. 
 
In contrast with the inorganic acid leaching, leaching with organic acids effectively 
improve the selectivity of zinc from the steelmaking wastes by controlling iron 
dissolution. More importantly, the leached solution was not toxic to the surrounding 
environments. 
1.2.3.3 Effects of leaching parameters 
According to previous studies, acid concentration, S/L ratio, temperature, particle size, 
shaking speed and leaching time are important factors influencing the chemical reaction 
and hence the metal extraction efficiency of leaching process, so these parameters are 
usually investigated. A thorough understanding of these factors is vital for optimizing 
the acid leaching process, as it is only under the optimum leaching conditions that the 
maximum metal extraction can be achieved. 
 
(1) Acid concentration  
During the leaching process, acid concentration is one important parameter affecting the 




optimum range of acid concentrations, indicating the acid concentration dependent 
character of acid leaching processes.  
 
At low acid concentrations, the obtained zinc and iron leaching rates are generally low. 
The increase in acid concentration can cause the acid saturation near the solid particles 
and the formation of a soluble product film layer around the particle, resulting in a 
maximum of zinc recovery. Besides, an increase in concentration leads to the decrease 
of water amount, and this usually causes significant reduction of the pH and the number 
of hydrogen ions in the solution and thereby affects the leaching rate remarkably. 
Nevertheless, further increase in the acid concentration cannot make a higher zinc 
recovery any more or even causes the reduction based on some previous studies.  
 
In a previous study using prop-2-enoic acid to leach zinc from BF dust slurry, the 
maximum zinc and iron leaching rates were achieved at an acid concentration about 1 M 
before reaching a plateau, after which the extraction remained the same [36]. Hurşit et 
al. employed gluconic acid as leaching agent. Increasing zinc dissolution was observed 
with increasing acid concentration from 0.25 to 1.25 M but further increase in the 
concentration caused decreased rate [108]. Nagib and Inoue reported that zinc solubility 
was strongly affected by acid concentration in acetic acid and hydrochloric acid 
leaching from both the primary and secondary fly ash [75].  
 
(2) Temperature  
Temperature is crucial for the leaching of zinc from steelmaking wastes as zinc 
dissolution is slower at lower temperatures. Based on the kinetic theory, the particles 
collide more frequently at higher temperatures and more kinetic energy is provided to 
accelerate the reaction rate [2]. Hence, the majority of studies show that temperature has 
positive effect on the dissolution of zinc.  
 
Langová and Matýsek studied the effects of temperatures in the 20-270 °C range on 
zinc and iron leaching from EAF dust under leaching conditions of 100 mins in 0.3 M 
H2SO4 solution. It was found that zinc extraction always increased with increasing 




and then dropped until 270 °C [109]. Using citric acid to leach zinc from sewage sludge, 
the zinc extraction was observed to increase with increasing temperature [110]. 
However, Nagib and Inoue demonstrated only slight effect of temperature on zinc 
extraction from both primary and secondary fly ash using sulfuric acid, while iron 
dissolution was significantly affected [75]. In zinc recovery from baghouse dust, no 
changes in the metal extraction were found within the temperature range 30-95 °C 
[100]. 
 
It should be noted that the temperature effect is generally not considered for commercial 
use because it will increase the operating cost by controlling temperature and reduce the 
possibility of profitability. 
 
(3) Particle size 
The particle size distribution of the steelmaking wastes is another important feature as it 
varies depending on different operation conditions, which may influence the leaching 
rate significantly. 
 
Based on the previous study dissolving zinc from the smithsonite ore in gluconic acid 
solutions, increasing leaching rate was generally observed with the decrease in particle 
size due to the fact that the decrease of the particle size of the wastes was often 
accompanied by the increased contact surface [108]. Abdel-Aal studied leaching of zinc 
from different size fractions of low-grade zinc silicate ore using sulfuric acid, and a 
significant effect of the particle size was observed on the leaching late of zinc by 
increasing from 10% to 80% [111]. Irannajad et al. studied zinc recovery from low 
grade oxide ore using citric acid, the results showed that the leaching rate of zinc 
increased with the increase in particle size and the best leaching rate was achieved with 
particle size of 350 μm [106].  
 
To conclude, the influence of particle size was not completely understood since no clear 
view had been made and the crush pre-treatment was very necessary in some studies 





(4) Solid–liquid ratio  
Solid–liquid ratio is also known as a very important leaching parameter to determine for 
a suitable leaching system. Generally, the leaching rate is increased by decreasing the 
solid amount because the reduction of S/L ratio was interpreted previously that less 
amount of solid reacted with more acid in constant leaching conditions and hence the 
leaching rate of the wanted metal increased. The opposite situation is also true under the 
same leaching conditions.  
 
Several studies demonstrated that the zinc extraction decreased when S/L ratio 
increased. For example, the zinc extraction was less than 50% at S/L of 15% but greater 
than 70% with a lower S/L ratio of 10% [112].  Huang et al. reported a strong effect of 
S/L ratio on zinc and iron removal from fly ash using citric acid, with lower S/L ratio 
enhancing the leaching efficiency [113]. However, Vereš et al. found increasing 
tendency of zinc and iron leaching rates towards the increasing amount of the BF sludge 
using sulfuric acid as leachate [2]. It was also found that the leaching rate of zinc was 
not significantly affected when using various L/S ratios [114].  
 
To summarize, S/L ratio should be optimised since the optimal S/L ratio differs based 
on various leaching conditions and even different leaching mechanisms such as surface 
reaction to form precipitates and core reaction. 
 
(5) Agitation 
Generally, increasing the agitation speed can cause the increase of the zinc extraction 
from the dust particles due to the fact that the boundary layer mass-transfer resistance is 
reduced and the diffusion of acid from the bulk solution into solids is further increased. 
 
Using sulfuric acid as lixiviant, the effect of agitation speed on the leaching rate of zinc 
from EAF dusts was investigated.  Zinc recovery was found to increase from 16% to 
17% with the speed increasing from 100 to 500 rpm and further rise to 20% when the 
speed was increased to 900 rpm [99]. Larba et al. investigated the effect of agitation 
speed on the zinc recovery from zinc oxide using citric acid, and the result showed that 




decreased with a further increase from 600 to 850 rpm [115]. However, Lee et al. found 
that the initial extraction of heavy metal from heavy metal-containing sludge was 
increased with the increasing agitation speed lower than 150 rpm and the speed over 
150 rpm had little effect on the recovery in nitric acid leaching [110]. 
 
It is therefore necessary to investigate the effect of stirring on the zinc and iron leaching 
rates from metallurgical wastes as the effect is not consistent according to different 
studies using different steelmaking dusts. 
 
(6) Leaching time 
It is known that zinc and iron extraction increases with the leaching time because the 
steelmaking wastes react with the acids very fast when they firstly contact with each 
other and this increasing trend continues with increasing time. However, the extraction 
may not increase anymore after they reach equilibrium and even drop with time due to 
some different leaching mechanisms.  
 
Trung et al. reported sulfuric acid leaching of BOS sludge, and the zinc extraction rose 
rapidly with increasing time whilst the concentration of iron dissolved into solution 
showed opposite situation. This can be explained by iron precipitation as goethite which 
can be reflected from Eh-pH diagram, as the pH value increased due to acid 
consumption [38]. Using citric acid to leach zinc from low grade oxide ore, the reaction 
time from 30 min to 150 min did not show positive effect on zinc recovery [106]. Silva 
et al. studied zinc extraction from sludge using Di-(2-ethylhexyl) phosphoric acid 
(D2EHPA), 1 h was shown to be enough for the leaching system to achieve equilibrium 
and the increase in time even decreased the zinc recovery slightly and hence the 
leaching time should be strictly limited to 1 h [116]. According to Strobos and Friend, 
leaching time from 3 h to 8 h showed no influence on the zinc extraction from baghouse 
dust using sulfuric acid since it was constant at 74.8% during this period [100]. It is thus 
important to note that choosing suitable leaching time is a necessity to enhance the zinc 





In order to achieve the maximum zinc extraction and minimum iron dissolution from 
steelmaking wastes by acid leaching, the optimum leaching conditions regarding the 
above parameters must be achieved. 
1.2.3.4 Advantages and disadvantages of acidic leaching 
Acid leaching has been used for recovery of some desirable metals from steelmaking 
wastes for ages and it has been developed rapidly in the course of the last decades. 
However, there are still some inconvenience and limitations in spite of some 
advantages. 
 
(1) Advantages of acidic leaching 
Leaching of metals using acids is innovative, economic, environmentally friendly and 
usually no involvement of toxic chemicals, and thus has gained increased attention 
among all the leaching methods. Organic acids are especially cost effective and the use 
may actually reduce costs dramatically in comparison with the traditional chemical 
methods. Therefore, organic acid leaching has been regarded as an alternative strategy 
for the recovery of metals from steelmaking wastes. The major advantages using 
organic acids are cheaper raw materials, less concentrated solutions, the recycling of 
leached solution and the better kinetics. 
 
In addition to low environmental impact and low operation cost, the other advantages of 
acid leaching technology include low energy consumption, comparatively mild reaction 
condition, simple process and no generation of harmful by-products. 
 
(2) Disadvantages of acidic leaching 
Although there are so many advantages discussed above, this technology is now not 
being used commercially. Due to the fact that leaching with organic acids is not 
sufficiently developed to be profitable in zinc recovery, research in this area has been 
intermittent and only restricted on a laboratory scale [117]. More acid would be 






It is worth to address that leaching with organic acids is slower than conventional 
chemical techniques. Iron dissolution cannot be well controlled in the leaching process 
is also a troublesome problem. 
1.2.3.5 Leaching mechanism 
Numerous studies have been performed on the leaching of zinc from steelmaking wastes 
with organic acids to find the leaching mechanism. 
  
The first step of the leaching process is generally adsorption of carboxylic acid on the 
surface of the particles of the steelmaking wastes. The metal-oxygen bond to a film 
layer can be formed when the particles are suspended in acidic solution but the strength 
of the layer depends on the solubility of the carboxylate complex [118]. Guśpiel and 
Riesenkampf reported considerable adsorption of anions on the surface leading to 
surface complexes, which decreased the leaching rate [119]. Desorption can decide the 
rate of release of metals from adsorption surfaces of the particles back into solution 
[118]. Han et al. revealed that dissolution equilibrium of zinc complexes was reached in 
oxalate and acetate solutions, and the zinc–ligand film layer was likely to prevent 
further dissolution due to the low solubility in water [120]. The precipitation of zinc 
oxalate was observed to take place at pH about 0 and oxalates were always identified in 
the leaching residues. 
 
Chelating capacity is another ability of carboxylic acids reacting with metal ions in the 
leaching solution to form chelates. Citric acid was reported to promote dissolution of 
zinc due to its strong chelating effect [113]. Ma et al. revealed a zinc–citrate complex in 
the aqueous solution, which was the leaching mechanism for the citric acid leaching of 
zinc from the low-grade zinc oxide ore [121]. 
 
Steer and Griffiths noted that iron extraction follows the Bronsted–Lowry theory while 
zinc extraction might be better explained by substituent group effects from the Lewis 




1.2.4 Summary and Objectives  
Nowadays, the treatment of steelmaking wastes has been extensively studied with the 
increasing amounts. Both the environmental legislation and valuable resources called 
for cost-efficient and environmental-friendly methods urgently. Based on the above 
discussions, hydrometallurgical methods are preferred since small-scale is often 
required and on-site process could be possible. A good leaching selectivity in zinc 
removal, flexibility in final products and recyclability in other metals can also be 
offered. Furthermore, the very fine particles of the steelmaking dusts could be directly 
handled by hydrometallurgical methods without previous agglomeration. Among those 
methods, acid leaching was firstly considered with the merits summarized and without 
many problems faced by alkaline leaching. Organic acids leaching, avoiding the 
subsequent problems caused by sulphur or chlorine in mineral acid, is considered here 
to treat the basic oxygen steelmaking dusts and efficient organic acids which can be 
produced from biodegradation of contaminants will be investigated. It is known that 
each steelmaking dust is unique and the metal extraction depends strongly on the dusts 
characteristics. Therefore detailed characterization of various steelmaking dusts used is 
not only basic but vital, including particle sizes, the contents of metals and 
mineralogical compositions. The steelmaking dusts containing various elements or 
different metal concentrations generally make metal extraction complex and difficult.  
 
The aim of the PhD research topic is to develop an acid leaching technology to 
selectively remove zinc with minimum loss of iron from the steelmaking waste 
materials to make the leaching residual solid suitable to recycling in the steelmaking 
processes. To achieve the ultimate aim of the project, the following questions need to be 
answered:  
 
Which organic acid is suitable to the selective leaching of zinc from steelmaking dusts?  
What are the optimal conditions of selective leaching of zinc over iron, and what are the 
best zinc removal rate and selectivity?  
What are the leaching performances of different steelmaking dusts and how it is related 




What are the requirements to the quality of the acid selected? Especially, can raw acids 
without refining/purification or even waste acids from other processes be used in the 
proposed leaching technology?  
 
To answer above questions, the specific objectives of this study are outlined as follows: 
 
(1) To investigate the leaching capability of different organic acids to zinc and iron in 
basic oxygen steelmaking dust and select an acid which has the most promising zinc 
removal rate and selectivity of leaching zinc over iron;  
(2) To systematically investigate the effects of different operation conditions on the 
leaching rates of zinc and iron, to determine the optimal operating parameters to achieve 
the maximum zinc extraction with minimum iron dissolution by the selected acid;  
(3) To compare the leaching performances of zinc and iron in different steelmaking 
dusts using above selected acid and optimised operation conditions; the operations are 
fine tuned to determine whether the outcomes from above investigation can be 
maintained or improved;  
(4) To investigate the effects of addition of other organic or inorganic acids to above 
selected acid on the leaching of zinc and iron to determine their tolerance in a raw or 
impure acid or a waste acid; to understand the interaction of different acids and identify 




1.3 Experimental  
1.3.1 Materials 
The three different generations of BOS filter cake wastes used in the current study were 
supplied by a steelwork in the form of lumps agglomerated from the BOS dusts, namely 
first generation BOS filter cake, second generation BOS filter cake and third generation 
BOS filter cake. The first generation filter cake was obtained when the BOS was 
operated with iron ore as coolant, while second and third generation filter cakes were 
obtained when the first and second generation filter cakes were used as coolant, 
respectively. The first generation filter cake has been stockpiled in a yard for a long 
period of time, while the second and third generation filter cakes were fresh filter cakes. 
The second generation filter cake was subjected to a heat treatment in a muffle furnace 
by heating it from room temperature to 130 °C in 40 days. The third generation filter 
cake was stored in a fridge below 0 °C before used for the experiments. All these 
samples were oven dried prior to crushing and screening. The second generation BOS 
filter cake used in Chapter 2 was sieved into different particle size ranges but 300-500 
µm was used in the leaching experiments. The second generation BOS filter cake with 
300-500 µm was also used in Chapter 3. The three generations of BOS filter cakes were 
all screened to 300-500 μm for leaching experiments in Chapters 4 and 5.  
 
The organic acids and mineral acids used in this investigation were supplied by Sigma-
Aldrich, Australia. Acetic acid (AA), propionic acid (PA), butyric acid (BA) and valeric 
acid (VA) are viscous liquids with 99% purity, while citric acid (CA) and oxalic acid 
(OA) are solids. The purity of sulfuric acid (H2SO4), hydrochloric acid (HCl) and nitric 
acid (HNO3) is 95-98%, 37% and 70%, respectively. The acids were diluted to the 
desired concentrations to be used for leaching experiments by deionised water. The 
deionised water used for preparing acid solutions was purified using a water super-
purification apparatus (Milli-Q, Millipore, Australia).  
 
The standard solutions of Fe and Zn were purchased from Sigma-Aldrich, Australia, 
which contain 1000 ppm of Fe and Zn, respectively. The solutions were first diluted to 




solutions with different concentrations of Fe and Zn to be used for the calibration of 
ICP-OES analysis. 
 
All glassware and polyethylene bottles were kept overnight by soaking in 5% HNO3, 
followed by cleaning with deionized water and natural drying prior to use. 
1.3.2 Leaching Experiments 
The acid leaching experiments were performed in 250 mL conical flasks on a 
horizontally oscillating shaker (RM2, Ratek, Australia) with 120 rpm to stir the samples 
for 10 hours. The acid concentration and acid to solid ratio were changed in the study. 
Acid solution was fixed at 150 mL and prepared based on the required acid 
concentrations of 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 M. The sample weight added was to give 
various stoichiometric ratios of acid to filter cakes at 10, 30, 50, 70 and 90% at each 
acid concentration.  
 
The stoichiometric ratio of acid used in each experiment is the ratio of the actual 
amount of an acid and that theoretically consumed by Reaction (1). It is assumed that all 




. The reaction 
between an acid HxA (where x is the highest number of valence when the acid is fully 
dissociated) and BOS filter cake can be expressed by Reaction (1):  
 
FeO/ZnO(s) + 2/xHxA(aq) = FeA2/x(s)/ZnA2/x(s) + H2O(l)                                                     (1) 
 




mol of acid x
Stoichiometric ratio % = 100




                                  (2) 
 
During the leaching process, each flask was sampled by taking a 1.0 mL aliquot of the 
leaching solution. The aliquot was diluted to 10 mL using deionized water, and then 




with 2% nitric acid and analyzed by ICP-OES to determine concentrations of zinc and 
iron. The leaching rate is calculated from a mass balance as follows:  
 
 
Mass of M in leachate
Leaching rate % = 100
Mass of M in the filter cake added into flask
                       (3) 
where M is either zinc or iron. 
 
At each sampling time, the pH value of the acid solution was measured by a pH meter 
(PHSJ-4A, Shanghai Leici, China). 
 
The leaching residue at the end of a leaching experiment was filtrated by filter paper, 
washed with deionized water, oven dried and stored for further characterization.  
1.3.3 Inductively Coupled Plasma Optical Emission Spectrometry 
The zinc contents in the leaching solutions and the leaching residues were examined by 
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES 710, Agilent, 
Australia). The quantitation range for ICP-OES is 0.1-100 ppm. Thus, sufficient sample 
must be digested to make the required concentration into the specified range. 
Conversely, many digested samples beyond the range will need to be diluted with 2% 
HNO3 to achieve the required concentration. 
 
To analyse the zinc content in original filter cake and in the solid residue, about 0.1 g of 
a sample was digested into aqua regia solution consisting of 6 ml HCl and 2 ml HNO3 at 
110 °C. After cooling down, the solution was filtrated through 0.22 μm filter syringe 
and then diluted to an appropriate concentration for ICP-OES analysis. 
 
Calibration solutions were prepared by serial dilution with 2% HNO3 based on the 
diluted solutions of Fe and Zn with 100 ppm. The ranges of the calibration curves (8 
points) were selected to match the expected concentrations of Zn and Fe in the samples 




1.3.4 Sample Characterization 
1.3.4.1 X-Ray Fluorescence Spectroscopy 
The original filter cake samples and some leaching residues were analysed for major 
and trace elements using a SPECTRO XEPOS energy dispersive polarization X-ray 
fluorescence spectroscopy (XRF) in Chapters 2 and 4. The carbonaceous matter was 
removed from the samples before melting to avoid loss of zinc when melted and hence 
the samples were firstly heated at 600 °C in oxygen for 3 hours. The samples were also 
diluted with pure SiO2 to reduce the total FeO content to less than 45% and the Zn 
content to less than 1%. An agate mortar and pestle were used for grinding to mix well 
to produce fine powders.  
 
For trace element analysis, pressed pellets were required to be prepared prior to analysis. 
Approximately 5.0 g of the obtained fine sample was weighed to be placed into a paper 
cup and 6 drops of polyvinyl alcohol (PVA) solution was added as isolated drops to be 
well mixed using a wooden stirrer to ensure no presence of lumps. The mixed sample 
was compressed into an aluminium mould with the plunger lowered slowly to 2500 psi. 
Then the sample was removed from the mould and placed side up into a perspex tray. 
After all the samples were prepared, the full perspex tray was placed into an oven at 
67
 °
C to remove the PVA binder for 24 hours. The dry weight of each sample was 
finally obtained and recorded. 
 
For the analysis of major element, glass discs were needed to be measured. About 2.4 g 
of metaborate flux was well mixed with 0.4 g of sample in a platinum crucible. The flux 
was chosen since SiO2 content in the sample was over 65 wt.%. The crucibles with 
fluxed samples were then heated from 600
 
to 970 °C at 70
 
°C/min and one ammonium 
iodide tablet was added to continue for several minutes. The sample was poured out and 
pressed on a graphite plate to produce a glass disc.  
 
For the measurement of loss on ignition (LOI), approximately 1 g of sample was heated 




1.3.4.2 Qualitative and Quantitative X-Ray Diffraction 
The mineralogical compositions of the original BOS filter cakes and leaching residues 
were analyzed by both qualitative and quantitative X-ray diffraction (XRD, GBC MMA, 
Braeside, Australia) in Chapters 2 and 4.  
 
Qualitative XRD analysis was conducted  using a GBC MMA diffractometer operated 
at 35 kV and 28.5 mA using Cu Kα radiation (λ = 1.5406 Å) in the 2θ range from 15 to 
85 °, with a step size of 0.05 ° and speed of 1.5 °/min.  
 
Quantitative XRD data was collected on using Cu Kα radiation (λ = 1.5406 Å) in the 2θ 
range from 10 to 142 °, with a step size of 0.014 ° and speed of 0.5 °/min. The 
quantitative analysis of the pattern was performed using the X-Pert High Score Plus 
Software. 
1.3.4.3 Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy 
The BOS filter cakes samples were oven dried prior to crushing and screening to tested 
size range of 300-500 μm. The powdered samples of BOS filter cakes and leaching 
residues were separated into two parts, one observed as powder for direct scanning 
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) 
observation and the other for mounting and polishing to observe the cross-sections of 
filter cake particles. The sample was firstly placed in a mould where epoxy resin was 
then poured over the top of the sample. All the moulds with the samples were then held 
in a vacuum chamber for about 30 minutes to ensure that the resin impregnated the 
inner of samples, prior to the hardening process for 24 hours at ambient temperature. 
The mounted samples were ground using SiC paper, from 500 to 1200 grade; followed 
by polishing using 9 μm, 3 μm and 1 μm diamond paste on a polishing wheel of a 
Struers TegraPol-21 automatic polishing machine (Struers Inc., United States). The 
polished samples were coated with a carbon film at high vacuum to guarantee good 





All SEM-EDS observations for the BOS filter cake samples and leaching residues 
reported in Chapters 2 and 4 were conducted by SEM-EDS (JCM-6000 and JEOL JSM 
6490 LV).  
1.3.4.4 X-Ray Photoelectron Spectroscopy  
X-ray photoelectron spectroscopy (XPS, SPECS PHOIBOS 100 Analyzer) was applied 
to characterize the chemical states of elements on the surface of the BOS filter cakes 
and the leaching residues in Chapters 2 and 4. A powdered sample was attached onto an 
adhesive carbon tape inside an Ar glove box and then placed in a sealed container to 
reduce oxidation during transportation from the glove box to the XPS apparatus. 
Examination was conducted in a high-vacuum chamber with residual pressure below 
10
−8
 mbar. X-ray excitation was provided by Al Kα radiation (1486.6 eV) at high 
voltage of 12 kV and power of 120 W. Measurements were made with the analyzer in 
fixed transmission mode at the pass energy of 20 eV. The XPS peak fitting was carried 
out using CasaXPS 2.3.15 software package. All the spectra were calibrated via C 1s at 
284.6 eV and the background was corrected using the linear approximation. 
1.3.4.5 Thermogravimetric-Differential Scanning Calorimetry  
The thermal behaviours of the BOS filter cakes in Chapter 4 was performed using 
thermogravimetric-differential scanning calorimetry (TG-DSC, NETZSCH STA 449 F5 
Jupiter, Australia) under air and argon atmosphere. Approximately 100 mg of fine 
powdered sample was loaded in a platinum crucible on a pan of the microbalance, and 
scanned in the temperature range of 50-800 °C at a heating rate of 10
 
°C/min and an air 
flow rate of 100 mL/min. An empty pan served as a reference. 
1.3.4.6 Fourier Transform Infrared Spectroscopy  
In Chapter 3, the precipitates formed from the leachate at room temperature were 
identified by Fourier transform infrared spectroscopy (FTIR, Nicolet Magna-IR560, 
China). The samples were prepared with potassium bromide (KBr) pellet method. 
Scanning was performed at a resolution of 4 cm
–1
 from 4000 to 400 cm
–1
. The peak 





1.3.4.7 Carbon Content Analysis 
The carbon contents in the original BOS filter cakes and the leaching residues in 
Chapter 3 were determined by a Carbon Determinator (CS-2000, ELTRA Elemental 
Analyzers, Haan, Germany). Approximately 0.1 g powdered sample after grinding was 







°C/min. The carbon in the sample reacted with 
oxygen to form CO2 which was then measured by infrared detectors. The crucible was 
slowly pushed into the central high temperature zone to avoid the sudden combustion of 
oxygen to go beyond the limitation of the equipment. Finally, the carbon content could 
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The dust generated from basic oxygen steelmaking (BOS) process is a waste material 
which mainly contains iron but is unable to be recycled due to its high zinc content. In 
the study, the leaching effects of different organic acids were compared with the aim to 
find an acid which selectively leaches and removes zinc from a BOS dust so that the 
waste material can be recycled into iron and steel making processes to substitute a part 
of raw materials of steelmaking. The dust used in this study was scrubbed and collected 
in the form of a filter cake. The acids tested were oxalic acid, citric acid, acetic acid, 
propionic acid, butyric acid and valeric acid. Butyric acid was found to be the most 
effective with high zinc extraction level of 49.7% and low iron level of only 2.5%. 
Oxalic acid is the least effective leaching reagent for both zinc and iron extraction due 
to the generation of zinc and iron oxalate precipitates after metal dissolution. The filter 
cake and leaching residues were characterized by chemical analysis, X-ray diffraction, 
X-ray photoelectron spectroscopy and scanning electron microscope with energy 
dispersive spectrometer.  







 Leaching of zinc and iron by organic acids from BOS filter cake was studied. 
 Butyric acid showed promising selectivity in leaching zinc over iron. 
 Up to 49.7% of zinc was removed by leaching with butyric acid. 






1. Introduction  
The dust generated from basic oxygen steelmaking (BOS) process is a waste material 
generated at approximately 7-15 kg per ton of produced steel in steelmaking industry. It 
is estimated that 5-7 million tons of BOS dust is generated annually in the world [1, 2]. 
BOS dust is usually classified as a hazardous waste and presents an environmental issue 
if it is not recycled because of its heavy metal constituents. The dust is collected from 
the BOS off gas by dry or wet processes such as electrostatic precipitation, baghouse, 
water scrubbing and then settling or filtration, and then stockpiled. This waste material 
cannot be recycled because of its high zinc content of 1-8% [3, 4]. Zinc may have an 
adverse effect on the process performance and eventual quality of steel if recycled 
without removal [1]. 
Recycle of BOS dust plays an important role in the sustainability of steelmaking 
industry both environmentally and economically [5]. Typically, the zinc level in the dust 
is too low to be economically recovered by external processors, but the high level of 
iron and the environmental burden of disposal make it worthwhile for recycling in 
steelmaking [6, 7]. Recovery of iron from the dust at acceptable zinc content is an 
attractive option if it can be achieved economically. It is proposed that it could be 
directly recycled in the steelmaking process as long as the final zinc content was below 
0.4 wt.% [8, 9]. The dust has been stockpiled for ages and accumulated for huge amount 
which not only occupies valuable lands, but causes increasing environmental concerns. 
Recycling of the waste after removal of zinc from BOS dust is becoming an urgent topic 




Hydrometallurgical processing is a type of conventional processes for metal production 
from a variety of ores, and is gaining an important position in the processing of waste 
materials in metallurgical industries [10, 11]. These processes involve acid leaching, 
alkaline leaching and bioleaching. Although some inorganic acids including sulfuric 
acid and hydrochloric acid have been tested, they are generally less selective and 
generate an issue of new wastes. Use of organic acids for the leaching of waste 
materials provides advantages because they are biodegradable and environmentally 
benign so generation of secondary wastes can be avoided. Potentially, they can be 
obtained by biodegradation of organic matter such as those organic contaminants 
present in waste water. The investigation on the leaching by organic acids also provides 
information on the development of potential bioleaching technology in the future.  
Organic acids have been demonstrated to be effective in leaching of some other waste 
materials. Anjum et al. [12] achieved 35.2% of zinc recovery from black shale in a 
medium of 1% oxalic acid, followed by 14.5% in citric, 12.6% in maleic and 8.7% 
tartaric acid at 28 ºC. Leaching in 20 wt.% acetic acid at 30 °C for 60 min with a liquid 
to solid ratio of 7 mL/g, Nagib and Inoue [13] dissolved 62% zinc from primary and 
secondary fly ash, respectively. However, a systematic investigation has not been found 
on the selective leaching of zinc from BOS dust by organic acids. 
To utilize the value of iron in the BOS dust while zinc accumulation in the steelmaking 
processes is avoided, zinc must be selectively removed from the dust. To achieve this, a 
suitable lixiviant which selectively leaches zinc is of paramount significance. Six 
organic acids were tested for their effectiveness in selective leaching of zinc from a 
sample of BOS dust in the form of filter cake after water scrubbing and filtration with 




simultaneously minimize iron removal. The initial BOS filter cake sample and leaching 
residues were also characterized to understand the mechanisms of leaching of zinc and 
iron from the dust.  
2. Experimental 
2.1 Materials  
Citric acid (CA), oxalic acid (OA), acetic acid (AA), propionic acid (PA), butyric acid 
(BA) and valeric acid (VA) were tested as leaching reagents. Leaching acid solutions 
were prepared using the above acids diluted by deionized water. Nitric acid was used for 
preparation of the solutions for ICP-OES analysis. All chemicals and reagents used in 
the present study were of analytical grade and purchased from Merck and Sigma-
Aldrich Chemical Co. (St Louis, MO). 
The filter cake sample was supplied by a local steelworks in Australia, taken from the 
BOS steelmaking operation. The sample was first dried at 105 °C overnight to remove 
moisture and then crushed and screened to various particle size ranges. Table 1 shows 
the chemical composition of the sieved components with different particle size ranges 
by X-ray fluorescence spectrometer (XRF) which demonstrates that the composition is 
uniform and without segregation by crushing and screening of the filter cake. Among 
the metals contained, the amounts of Fe, Zn and Ca are significant, and the contents of 
the other metals are below 2%. The filter cake contained 6.5 wt.% of zinc and 56.4 
wt.% of iron on average. The sample also contained 1.5 wt.% of carbon, as determined 
by combusting the carbonaceous materials in oxygen at 900 C and monitoring the CO2 




Table 1. Major chemical composition (wt.%) of BOS filter cake crushed and sieved to 
different particle size ranges.  
Size range Fe  Zn SiO2 Al2O3  CaO Mn  MgO  TiO2  K2O LOI 
<150 µm 56.4 6.44 1.46 0.13 4.13 0.66 1.94 0.053 0.057 1.68 
150-300 µm 56.4  6.60  1.37  0.083  4.01  0.68  2.01  0.047  0.053  1.81 
300-500 µm 56.6 6.54 1.36 0.045 3.87 0.67 1.86 0.043 0.052 1.86 
500-1000 µm 56.3 6.48 1.45 0.11 3.92 0.67 1.91 0.046 0.053 2.20 
1000-3350 µm 56.4 6.56 1.42 0.088 3.88 0.67 1.96 0.047 0.051 1.91 
>3350 µm 56.2 6.51 1.36 0.050 3.99 0.67 1.89 0.045 0.051 1.88 
LOI - Loss on ignition at 1000 ºC. 
The pH value of a suspension of 15g of dried BOS filter cake and 150 mL of deionized 
water was 9.96. The liquid became basic because of the dissolution of CaO in the filter 
cake. Crushed filter cake in the size range of 300-500 µm was used in the leaching 
experiments. 
2.2 Acid leaching  
Acid leaching experiments were carried out in 250 mL Erlenmeyer flasks with 150 mL 
of acid solutions at room temperature. Up to 9 leaching flasks were located on a 
horizontally oscillating shaker (RM2, Ratek, Australia). The shaker was operated at 120 
rpm to maintain mixing and enhance mass transfer between liquid and solid particles. 
Preliminary experiments demonstrated that the shaking rate was high enough to 




The total leaching time was fixed at ten hours, and acid solution samples were taken at 
20 min, 40 min, 1, 2, 3, 4, 6, 8 and 10 h. At each sampling time, 1 mL liquid was taken 
from each flask. The sample was diluted to 10 mL by deionized water and then filtered 
with 0.22 µm filter syringe. An amount of the filtrated solution was further diluted by 
2% nitric acid to appropriate Fe and Zn concentrations for ICP-OES analysis (ICP-OES 
710, Agilent Technologies, Australia). The masses of zinc and iron extracted from the 
filter cake were determined, and their recovery was calculated as follows: 
 
Mass of M in leachate
Leaching rate % = 100
Mass of M in the filter cake added into flask
                       (1) 
where M is either zinc or iron. 
The leaching residue at the end of an experiment was filtered, washed, dried, weighed 
and subjected to further characterization. At each sampling time, the pH value of the 
acid solution was measured by a pH meter (PHSJ-4A, Shanghai Leici, China). 
The amount of acid used in each experiment is evaluated by the stoichiometric ratio of 
acid to solid. The stoichiometric ratio of acid used in each experiment is the ratio of the 
actual amount of an acid and that theoretically consumed by Reaction (2). It is assumed 




. The reaction 
between an acid HxA (where x is the highest number of valence when the acid is fully 
dissociated) and BOS filter cake can be expressed by Reaction (2):  
FeO/ZnO(s) + 2/xHxA(aq) = FeA2/x(s)/ZnA2/x(s) + H2O(l)                                                     (2) 






mol of acid x
Stoichiometric ratio % = 100




                                  (3) 
The leaching rates of Fe and Zn by Reaction (2) depend on the type of acid used, the 
acid concentration and stoichiometry, reaction time and other process conditions.  
2.3 Characterization of raw materials and leaching residues 
The chemical composition of the BOS filter cake was determined by XRF. The original 
filter cake and leached samples were analyzed by X-ray diffraction (XRD, GBC-MMA, 
Australia) to determine their phase compositions. The analysis was implemented at 35 
kV and 28.5 mA with monochromated Cu-Kα X-ray radiation (λ=1.5406 Å) from 15° to 
85° at a scanning speed of 1.5°/min with a step size of 0.05°. The samples were packed 
into a flat aluminum tray and the surface was pressed flat.  
Some sample particles were mounted by epoxy resin and grounded and polished 
sections were carbon coated then analyzed by scanning electron microscopy with 
energy dispersive spectrometer (SEM/EDS, JEOL JSM-6490 LV) to gain further 
knowledge of the structure, morphology and elemental distribution of the samples. The 
analysis was operated at an accelerating voltage of 15 kV and working distance of 10 
mm. 
X-ray photoelectron spectroscopy (XPS, SPECS PHOIBOS 100 Analyzer) was applied 
to characterize the chemical states of elements on the surface of the filter cake. A 
powdered sample was attached onto an adhesive carbon tape inside an Ar glove box and 
then placed in a sealed container to reduce oxidation during transportation from the 
glove box to the XPS apparatus. Examination was conducted in a high-vacuum chamber 
with residual pressure below 10
−8




radiation (1486.6 eV) at high voltage of 12 kV and power of 120 W. Measurements 
were made with the analyzer in fixed transmission mode at the pass energy of 20 eV. 
The XPS peak fitting was carried out using CasaXPS 2.3.15 software package. All the 
spectra were calibrated via C 1s at 284.6 eV and the background was corrected using the 
linear approximation. 
3. Experimental Results  
3.1 Characterization of original BOS filter cake  
Fig. 1 shows the XRD pattern of the original filter cake sample. The analysis indicates 
that the BOS dust consists of metallic iron (Fe), wustite (FeO), magnetite (Fe3O4), zinc 
ferrite (ZnFe2O4), zinc oxide (ZnO), calcite (CaCO3) and graphite (C). Wustite is 
obviously the prominent phase, followed by iron and magnetite. The contents of ZnO 
and ZnFe2O4 by quantitative XRD were estimated to be equivalent to about 3 wt.% of 
zinc in the filter cake, which was significantly lower than that measured by XRF. 
Because XRF is a well-accepted method of the analysis of metal oxides, the gap 
between the XRF and XRD data can be counted by the formation of solid solutions 
between ZnO and FeO, or ZnFe2O4 and Fe3O4, or both. As the main problem in zinc 
leaching, ZnFe2O4 is known to be very stable and hard to be dissolved simply by acid or 
alkaline under moderate conditions [14, 15]. The formation of solid solutions between 
the metal oxides is expected to further stabilise zinc in the mineral phases which makes 
leaching of this zinc more difficult. 
Fig. 2 presents the SEM image of a filter cake particle which shows the surface 
morphological characteristic of the BOS filter cake. The particles of the BOS filter cake 




of submicrometer particles forming porous structure which became clear in SEM 
images at high magnifications. 
 
Fig. 1. XRD pattern of the original BOS filter cake. 
 
Fig. 2. Surface morphology of a BOS filter cake particle as observed by SEM. 
The filter cake particles were mounted, sectioned and then further observed by 
SEM/EDS. Fig. 3 shows a BSE image of the filter cake sample which contained a zinc-
rich area, and the distributions of the major elements including Zn, Fe, O, Ca and Mg as 
observed by EDS mapping. It can be seen from the SEM image in Fig. 3 that filter cake 




grains larger than 1 µm are small. There are voids between the grains which makes the 
particles of high porosity. In the zinc rich area, the pores between iron oxide grains are 
filled with zinc oxide. It has to be indicated that zinc rich areas like in Fig. 3 were rarely 
found, while those zinc enriched grains and smaller areas with less zinc content are 
more popular. EDS point analysis also demonstrated that zinc is distributed uniformly 
on the surface of iron oxide grains that was not obviously demonstrated in Fig. 3.  
 




Besides iron and zinc oxides, the major impurities in the filter cake include calcium, 
magnesium and silicon oxides. From Fig. 3, CaO and MgO co-exist in the large zinc 
rich zone but they are separated with each other because the bright areas in their EDS 
mappings are complementary. Calcium oxide also presents as segregated particles, 
which may be from the dust generated from limestone flux during slag forming.  
In order to further investigate the chemical states of zinc and iron in the BOS filter cake, 
XPS analyses were carried out. Fig. 4 (a) shows the overall energy spectrum of the 
sample. Zn, Fe, O and C elements existed as expected. The high-resolution XPS fine 
spectra of the Zn 2p, Fe 2p and O 1s peaks are displayed in Fig. 4 (b), (c) and (d), 
respectively. 
 
Fig. 4. High-resolution XPS spectra of the original BOS filter cake before leaching. (a) 




In Fig. 4 (b), the Zn 2p3/2 photoelectron peak at 1020.8 eV and Zn 2p1/2 at 1043.8 eV 
with a peak separation of 23.0 eV reveal the oxidation state of Zn
2+
 in the sample [16]. 
The peak of Zn 2p3/2 electrons is split into two components with binding energies (BE) 
of 1018.2 and 1020.8 eV, which are probably ascribed to the ZnFe2O4 and ZnO, with a 
peak area ratio of 4.39:1 [17]. As a surface analysis measure, the XPS data does not 
represent bulk composition. Fig. 4 (c) presents the Fe 2p peaks at lower and higher BE 
assigned to Fe 2p3/2 and Fe 2p1/2, respectively, accompanied by two corresponding 
satellite peaks with BE of 718.2 and 731.9 eV [18, 19]. The BE difference over 6 eV 
between the major and satellite peaks confirmed the existence of Fe
3+
 [20]. It is also 




 with area ratio of 
0.54. Nonetheless, the peak corresponding to Fe
0
 was not detected because the grain 
surface of metallic iron was oxidised. The O 1s spectrum shows two fitting peaks in Fig. 
4 (d). The peak locating at 529.7 eV is typical of metal-oxygen bonds (Zn and Fe 
oxides) and the other peak at 531.0 eV is categorized to oxygen in OH
-
 groups and 
carbonate species on the surface [17, 20, 21]. 
It can be concluded from the XRD, SEM/EDS and XPS analysis that zinc in the BOS 
filter cake mainly existed as franklinite (ZnFe2O4), zincite (ZnO) and their solid 
solutions with iron oxides.  
3.2 Leaching effects of different acids in zinc removal from filter cake  
Fig. 5 compares the leaching rates of zinc and iron from the BOS filter cake using 
various organic carboxylic acids under the same leaching conditions as illustrated 
above. The acid concentrations were all 1.0 M and the acid stoichiometry was kept 




selectivity of zinc on iron. With 49.7% of zinc and only 2.5% of iron leached after 10 h, 
BA was a promising acid in selective leaching of zinc from BOS filter cake. Therefore, 
the maximum zinc extraction and minimum iron extraction could be found by 
optimizing the BA leaching conditions. 
 
Fig. 5. The leaching rates of (a) Zn and (b) Fe from filter cake by different acids of 1.0 
M concentration and 70% acid stoichiometry. 
Obviously, OA appeared unable to leach either Zn or Fe because of less than 1.5% of 
zinc and iron leaching rate for both elements. Iron dissolution was larger than the 
extraction of zinc. Steer and Griffiths [22] achieved 31.2% of iron dissolution with only 
18.5% of zinc extraction from BF dust slurry using 1.0 M OA. The result is inconsistent 
with another research that OA extracted 86% of zinc and 48% of iron at 0.1 M 
concentration and 68% of zinc and 51% of iron at 0.5 M from MSW fly ash [23]. It 
seems that the leaching of zinc and iron by OA is closely related to the concentration of 
the acid used.  
CA extracted the highest level of zinc at 71.1%, but it also exhibited the highest 




the BOS filter cake. Wu and Ting [23] showed 81% zinc extraction and 25% iron 
dissolution at 0.1 M CA concentration while at 0.5M zinc extraction was 72% and iron 
dissolution was 19%.  
Two samples with higher zinc extractions are AA and PA, extracting 57.3 and 52.8% 
zinc, respectively. Unfortunately, 40.3% and 33.6% of iron was also extracted from the 
sample. Despite some selectivity of these acids in leaching zinc over leaching iron, they 
are still not good leaching reagents for further study to leach the BOS filter cake. VA 
also showed some selectivity of zinc over iron, with 40.3 and 21.0% of zinc and iron 
extraction, but with lower leaching efficiency compared with other alkyl acids as 
illustrated above. 
3.3 Characterization of the leaching residues 
The XRD patterns of the residues leached in six acids of 1.0 M at 70% stoichiometric 
ratio for 10 h are presented in Fig. 6. The XRD pattern of the filter cake leached using 
Milli-Q water alone for 2 days was hardly changed, demonstrating that the natural 
leaching effect of the filter cake could be ignored. The leaching residue of OA showed 
two obvious particle size ranges; the coarse particles originated from the original 
particles and the fine particles which were deported from the large ones. Hence, the 
leaching residue of OA was composed of two parts, namely deported fines and coarse 
particles. They were separated and analyzed separately by XRD in order to find more 
information about the OA leaching mechanism. Their XRD patterns are presented in 
Fig. 6 (f) and (g).  
According to Fig. 6, no obvious change of iron and zinc-bearing phases from original 




(ZnO) peaks. This is because the leaching mainly occurred to zinc rather than iron, 
while the major phases detected by the XRD analysis were iron containing phases. The 
main peaks of metallic iron and wustite became very weak in CA, AA, PA and VA 
leaching residues and some minor peaks even disappeared. This result is in good 
agreement with the high leaching rate of iron in these acids. Calcite and graphite also 
disappeared on all the XRD patterns of the acids leaching residues.  
 
Fig. 6. XRD patterns of the residues leached by the organic acids with 70% 
stoichiometric acid to filter cake ratio at 1.0 M concentration for 10 h. (a) CA; (b) AA; 
(c) PA; (d) BA; (e): VA; (f) OA (coarse particles); (g) OA (fine particles). 
In Fig. 6 (g), only humboldtine (ferrous oxalate hydrate FeC2O4•2H2O) was identified 
from the fine particles of the leaching residue of OA. In the coarse particles, 
humboldtine was detected as the major phase together with some amounts of wustite 
and magnetite. No peaks of metallic iron were found in the leaching residue, suggesting 
that metallic iron was completely transformed to humboldtine. The precipitate was lime 
green and yellow corresponding to the colour of ferrous oxalate. No zinc oxalate was 





A series of organic acids with different structures, functionality and acid strength were 
used in the study to investigate if these partially dissociated organic acids were capable 
of selectively extracting zinc over iron from BOS filter cake. The leaching reactions 
presented in Eq. (2) proceeds in steps shown in Eqs. (4) and (5). The organic acids 
firstly dissociated into carboxylate anions (RCOO
−
) and hydrated protons, and then the 
protons react with metal oxides so that the metal oxides are leached into solution.  




                                                                                 (4) 
2H3O
+ 
+ MO ⇌ M2+ + 3H2O                                                                                          (5) 
Table 2 shows the acidity of the acids used in the study as well as their solubility in 
water at 25
o
C. The extraction mechanism of heavy metals with organic acids was 
reported to be their acidic character as well as chelating character [24]. The pKa values 
of the organic acids tested decrease in the order: PA  VA  BA  AA > CA > OA, and 
the acidity of the acids are in opposite sequence. As the number of carbons in the 
alkanoic acid series becomes greater, the solubility in water decreases. 
Among the six acids, OA is the strongest. OA has been widely used in leaching iron 
oxides as it presents a lower risk of contamination of the treated materials after 
leaching. For its good complexing characteristics and high reducing power, using OA to 
dissolve iron oxide has been studied by many researchers [25-27]. Although little Fe 
and Zn transferred into the liquid solution of OA, the XRD analysis demonstrated that 





Table 2. Acidity and solubility of different acids in water at 25 C. 
Acid CA  OA AA PA BA VA 
pKa1 3.13 1.25 4.76 4.88 4.82 4.84 
pKa2 4.76 4.14 - - -  
pKa3 6.39 - - - -  
Solubility, g/L  164 143 Miscible Miscible Miscible 49.7 
 
The significant formation of humboldtine explains the distinction of the OA leaching 
results from those in the literature as presented previously. Fe and Zn were leached from 
the filter cake sample, however, the leached metals formed corresponding humboldtine 
precipitate. Very low leaching rates were determined by ICP-OES analysis in the 
solution phase, which means that zinc and ferrous humboldtine have low solubility in 





, while it is 1.38×10-9 for ZnC2O4•2H2O. These Ksp values 
confirm that both leaching products zinc and iron oxalates have low solubility. 
Furthermore, iron oxalate is more soluble than zinc oxalate and precipitation may take 
place first by zinc oxalate [28]. The high leaching rates of zinc and iron in previous 
publications are related to the differences in the amount of acid used and the mass 
percentages of zinc and iron contained [22, 23]. However, it seems difficult to achieve 
high selectivity with OA even the solubility is increased by changing leaching 
conditions.  
CA dissociates in three stages as follows:  














                                                                               (7) 
C6H6O7
2–




                                                                              (8) 
The acidity of the first stage dissociation is between OA and AA, and the second stage 
dissociation is equivalent to that of AA. Its capacity of leaching zinc and iron is the 
highest among the acids studied in this study. The high leaching capacity is related to its 
high acidity and excellent chelating role. The coordination of CA with zinc and iron 
ions causes the increase of solubility of the sample, which is consistent with the results 
of Irannajad et al. [29] in the CA leaching of low grade oxide ore. Furthermore, second 
and third dissociation of CA further increases the chelating capacity of the organic acid. 
It is probably the chelating character that leads to a higher leaching yield of zinc [30].  
Regarding leaching by AA, PA, BA and VA, these acids have similar acidity in a narrow 
range of 4.76-4.88. The pH of the acid solutions before leaching was also similar: 2.16 
for AA, 2.27 for PA, 2.24 for BA. After leaching for 10 h, the pH of AA solution 
changed to 5.22, and that of PA changed to 5.23. For BA solution, the pH changed only 
to 4.00, which is due to low iron leaching rate and corresponding less consumption of 
protons by Reaction (5).  
The leaching rate of iron decreased with increasing carbon number in the acid 
molecules until BA. Further increasing a carbon number to VA, although the leaching 
rate of zinc decreased, the leaching rate of iron practically increased. The deviation of 
VA leaching from previous trend is caused by the lower solubility of VA in water. 




dissolved VA in the solution was below 0.5M. The mechanism on the selective leaching 
of zinc over iron will be discussed in another publication.  
5. Conclusions 
The leaching of zinc and iron from basic oxygen steelmaking filter cake was 
investigated using six organic acids to examine their capacity to selectively leach zinc 
over iron. The following conclusions were drawn from the outcomes of this 
investigation.  
(1) The original basic oxygen steelmaking filter cake is submicron particles mainly 
consisting of wustite, metallic iron and magnetite. Zinc oxide is distributed on the iron 
oxide particles in different chemical states, including deposited ZnO between particle 
gaps and on particle surface, combined with iron oxide as ZnFe2O4, and solid solutions 
of FeO and Fe3O4. Formation of Zn-Fe oxide compounds and solid solutions make zinc 
oxide difficult to be leached. 
(2) Among the organic acids tested, butyric acid showed excellent selectivity. Up to 
49.7% of zinc was leached from the filter cake. The leaching rate of iron was only 2.5%. 
Under the conditions used in this investigation, other acid could not leach zinc from the 
filter cake selectively. In oxalic acid, zinc and iron could not dissolve into the solution, 
while for other acids both zinc and iron were dissolved with low or no selectivity.  
(3) In the leaching with oxalic acid, zinc and iron oxalates were formed and precipitated 
which made the leaching inefficient. Citric acid had the highest leaching rate of zinc and 
iron. The leaching rate of zinc decreased following the increased carbon numbers in the 




acid. For iron, the leaching rate decreased similarly until butyric acid and reached as 
low as 2.5%. However the leaching rate of iron by valeric acid increased to 21%.  
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Steelmaking dust is a waste material harmful to the environment but the recycling was 
hindered by the high zinc content causing zinc accumulation in furnaces and further 
operation issues. In this study, butyric acid was used as a leaching reagent to selectively 
remove zinc from a basic oxygen steelmaking filter cake. The effects of acid 
concentration, acid amount and leaching time on the leaching rates of zinc and iron 
were investigated. The results show that zinc extraction increased with increasing 
stoichiometric ratio but no obvious dependence on acid concentration was observed. 
Iron dissolution, however, decreased with increasing acid concentration and no 
significant differences were observed at various stoichiometric ratios especially at 
higher acid concentration. The optimum leaching conditions were determined to be acid 
concentration of 1.5 M, stoichiometric ratio of 70%, and leaching time of 10 h. Under 
such conditions, 51% of zinc was leached out with less than 1% of iron. Lixiviate reuse 
was demonstrated to be effective in the selective leaching of zinc whilst repeated 
leaching of the residue had limited effect on the zinc removal. 






 Zinc in BOS filter cake can be selectively removed by leaching with butyric acid. 
 The optimal leaching conditions were 1.5 M acid, 70% stoichiometric ratio and 10 h. 
 Up to 51% of zinc was leached with only 0.5% of iron under optimal conditions. 
 The leachate can be reused so that the acid is fully utilized. 








The dust in the off gas of a basic oxygen steelmaking (BOS) furnace is collected as 
filter cake by water scrubbing and press filtration. This filter cake is mainly composed 
of the oxides of iron and zinc. The average iron content in the dust is approximately 65 
wt.% while zinc content is broadly changed from less than 2 wt.% to over 10 wt.% 
depending on the BOS operation [1-3]. In spite of high level of iron oxides, it cannot be 
directly recycled in blast furnace (BF) or in BOS because of possible operating 
problems, especially its high level of zinc. On the other hand, the material contains low 
levels of leachable compounds of lead, cadmium, and other environmentally harmful 
elements, so is not suitable for disposal by landfill. This waste material is pile stocked 
on the steelmaking sites which is an environmental hazard and occupies valuable land 
[4,5].  
The most appropriate method of disposal of the metallurgical waste is by recycling it as 
steelmaking raw material to recover its iron value. The major difficulty in recycling of 
the metallurgical waste is its high zinc content [6,7]. There are two main routes to 
beneficiate the waste material, that is by hydrometallurgy [8,9] or pyrometallurgy 
processes [10-12]. Due to the very high temperature needed, pyrometallurgical 
processes involve high capital costs and high energy consumption, and an economically 
acceptable technology has not been established. The generation of worthless residues is 
also unavoidable. Relatively, hydrometallurgical processes are simpler, with low 
investment and operation costs, and hence a more ideal route [13,14]. 
Leaching of zinc from steelmaking wastes by inorganic acids has been investigated 




and a large amount of iron is also leached from the waste material, which not only 
increases the consumption of the acids, but also increases the costs for the metal 
recovery in the late stage. Leclerc et al. [16] investigated selective leaching of electric 
arc furnace (EAF) dust using organic salt sodium mononitrilotriacetate and FeCl3, but 
the former is expensive, and the latter cannot be regenerated. According to Oustadakis 
et al. [17], the zinc recovery from EAF dusts reached 80% under the optimum leaching 
conditions using sulphuric acid but iron dissolution was 45%. Kelebek et al. [18] 
examined the sulphuric acid leaching of the BOS dusts and the results showed up to 81% 
of zinc extraction with 18% of iron dissolution for coarse particles >38 m. Van Herck 
et al. [19] investigated leaching of three types of BF sludge using concentrated 
hydrochloric acid, and achieved an average zinc leaching efficiency exceeding 95% but 
32 to 49% of iron was also leached. Although providing lower iron extraction in 
comparison to inorganic acids, leaching by alkaline, requires relatively concentrated 
leaching medium [20]. Dutra et al. [21] obtained 74% of zinc removal from an EAF 
dust with 12% of zinc content after 4 h of leaching at 90 °C with 6 M NaOH solution. 
Limited work has been reported on using organic acids to leach zinc from BOS filter 
cake. A preliminary investigation by the authors of this article has demonstrated that 
among a series of organic acids, butyric acid presented reasonable selectivity for 
preferential leaching removal of zinc by which a new leaching process of the 
steelmaking waste using butyric acid can be developed [22]. The target of the process is 
to selectively remove zinc with minimum loss of iron from the waste material, and then 
the waste can be recycled as an iron source for steelmaking via BF or BOS. The 
objective of this article is to establish the relationship between the selectivity of acid 




the stoichiometric ratio of acid used, and the leaching time on the leaching rates of zinc 
and iron are examined, and the most suitable conditions of the leaching process using 
butyric acid are established.  
2. Experimental 
2.1 Materials 
The filter cake sample was supplied by a steelworks in the form of lumps agglomerated 
from BOS dust. The sample was crushed and then sieved into different particle size 
ranges. As reported previously [22], the particles in different size ranges have very close 
chemical composition determined by X-ray fluorescence (XRF). On average the filter 
cake contained 6.52 wt.% of zinc and 56.4 wt.% of iron, and the average chemical 
composition is presented in Table 1.  
Table 1. The major chemical composition (wt.%) of BOS filter cake particles.  
Fe Zn SiO2 Al2O3 CaO Mn MgO TiO2 K2O LOI 
56.4 6.52 1.40 0.084 3.97 0.67 1.93 0.047 0.053 1.89 
LOI - Loss on ignition at 1000 ºC. 
Butyric acid used in this investigation was supplied by Sigma-Aldrich, Australia. It is a 
viscous liquid with 99% purity. The acid was diluted to the desired concentrations to be 
used for leaching experiments by deionised water.  
The standard solutions of Fe and Zn were supplied by Sigma-Aldrich, Australia, which 
contain 1000 ppm of Fe and Zn, respectively. The solutions were first diluted to 




solutions with different concentrations of Fe and Zn to be used for the calibration of 
inductively coupled plasma-optical emission spectrometry analysis (ICP-OES 710, 
Agilent Technologies, Australia). 
2.2 Acid leaching  
Acid leaching of zinc was carried out in 250 mL Erlenmeyer flask with 150 mL acid 
solution at room temperature. All leaching flasks were located on a horizontally 
oscillating shaker (RM2, Ratek, Australia). The shaker was operated at 120 rpm to 
maintain mixing and enhance mass transfer between liquid and solid particles.  
During the leaching process, 1 mL liquid was taken from each flask at different leaching 
time. Milli-Q water was used to dilute the sample into 10 mL and then the diluted 
solution was filtered with 0.22-µm filter syringe. An amount of the filtrated solution was 
further diluted by 2% nitric acid to appropriate Fe and Zn concentrations for ICP-OES 
analysis. At each sampling time, the pH value of the acid solution was measured by a 
pH meter (PHSJ-4A, Shanghai Leici, China). The leaching residue at the end of an 
experiment was filtered, dried and stored for further characterization. 
The masses of zinc and iron extracted from the filter cake were determined based on the 
concentrations of Fe and Zn in the leaching solutions, and their recovery was calculated 
following Eq. (1): 
 
Mass of M in leachate
Leaching rate % = 100
Mass of M in the filter cake added into flask
                  (1) 




2.3 Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FTIR) was performed at room temperature on 
a Nicolet Magna-IR560 spectrometer to identify and classify the compounds formed 
from the leachate. The samples were prepared with potassium bromide (KBr) pellet 
method. Scanning was carried out at a resolution of 4 cm
–1
 from 4000 to 400 cm
–1
. The 
peak intensity was determined by subtracting the height of the baseline from the total 
peak height.  
3. Results and Discussion 
3.1 Leaching of zinc and iron with different concentration and acid amount 
The stoichiometric acid to filter cake ratio was defined as 100% when iron and zinc 
were completely leached to form zinc and ferrous butyrate by which each mole of zinc 
or iron consumes 2 mol of butyric acid. The amount of acid used as a percentage of the 
stoichiometric acid to filter cake ratio determines the amount of filter cake to be treated 
with a definite amount of acid which is important for the economy of the beneficiation 
of the waste. Furthermore, it would be ideal to use less amount of acid to selectively 
leach out more reactive Zn leaving Fe in the solid. Five acid amounts were used in the 
investigation, namely 10%, 30%, 50%, 70% and 90% of the stoichiometric ratio with 
various acid concentrations from 0.1 M to 2.0 M. The leaching was carried out at room 
temperature for 10 h. Fig. 1 presents the effects of acid amount and concentration on the 





Fig. 1. Effects of acid amount and concentration on the leaching rate of Zn from BOS 
filter cake. Acid concentrations were (a) 0.1 M; (b) 0.2 M; (c) 0.5 M; (d) 1.0 M; (e) 1.5 
M; (f) 2.0 M.  
According to Fig. 1, the leaching rate of zinc increased quickly at the early stage, and 




sensitive to the change of acid concentration under fixed stoichiometric ratios. The final 
leaching rate of zinc was about 14% when the concentration of acid was increased from 
0.1 to 1.0 M when the stoichiometric ratio was kept at 10%. It was increased to about 40 
and 50% with increasing the stoichiometric ratio to 30% and 50%, and did not reach 
higher by further increasing the stoichiometric ratio to 70 and 90%.  
Fig. 2 shows the leaching rate of iron from the filter cake corresponding to that of zinc 
in Fig. 1. In contrast with the leaching rate of zinc, the leaching rate of iron was 
significantly affected by the amount and concentration of butyric acid, and the change 
patterns were complex. The leaching rate increased with increasing the stoichiometric 
ratio, which seemed independent of the butyric acid concentration until the 
concentration was increased until 0.5 M. The highest iron leaching rate was 
approximately 29% which occurred with 90% of the stoichiometric ratio and 
concentration at 0.5 M. However, further increasing the acid concentration to 1.0 M did 
not increase the leaching rate. At this acid concentration, an acid amount of 10% 
resulted in a leaching rate of below 2%. An increase of the acid amount to 30% resulted 
in an increment of the leaching rate of iron by 3%. Further increasing the acid amount 
used caused decrease of the leaching rate. The reduction of the iron leaching rate was 
the most significant when the butyric acid concentration was further increased to 1.5M 





Fig. 2. Effects of acid amount and concentration on the leaching rate of Fe from BOS 
filter cake. Acid concentrations were (a) 0.1 M; (b) 0.2 M; (c) 0.5 M; (d) 1.0 M; (e) 1.5 
M; (f) 2.0 M.  
It is ideal to selectively remove zinc from the filter cake with minimal loss of iron. 




dissolution, the acid concentration should be selected no less than 1.0 M, and the 
amount of acid should be 70% of the stoichiometric acid to filter cake ratio or higher. 
Taking into consideration of acid and filter cake consumption, 1.5 M concentration and 
70% of the stoichiometric amount of butyric acid were recommended to be the optimal 
leaching conditions. Under these conditions, the leaching rates of zinc and iron were 
51.2% and 0.47%, respectively. The concentration ratio of zinc to iron was 12.6:1 (w/w) 
in the leaching solution after 10 h of leaching. This ratio significantly decreased to 2.31 
with 1.0 M butyric acid mainly because of the increase of iron leaching rate to 2.48%.  
Fig. 3 compares the change of pH during leaching presented in Fig. 1 and Fig. 2. Faster 
increase in the pH of the acid solutions took place within the first 20 mins, and then the 
change became slow. It can be seen that the leaching rate of iron is closely related to the 
pH of the solutions after the initial leaching of about 1 h. Firstly, the pH of the solutions 
was significantly lower when the acid concentration was 1.0 M or above for all of acid 
amount used. Secondly, with the same acid concentration of 1.0 M, the final pH of the 
leachate constantly decreased. Correspondingly, although the leaching rate of iron 
slightly increased by increasing the acid amount from 10% to 30%, further increasing 
the acid amount until 90% of the stoichiometric ratio resulted in consecutive decrease in 





Fig. 3. pH variation during butyric acid leaching with different acid amounts and 
concentrations. The amount of acid used relative to stoichiometric acid to filter cake 
ratios are: (a) 10%; (b) 30%; (c) 50%; (d) 70% and (e) 90%. 
The chemical composition of the filter cake is complex [22]. It contains metallic iron, 
wustite as the major iron species, and ZnO and ZnFe2O4 as the major zinc containing 























 + Fe2O3 + H2O,  ∆Gº = -51.80 kJ                   (5) 
The standard Gibbs free energy of above reactions is at 25°C and calculated according 
to the electromotive forces of related half cells and the thermodynamic properties at 100 
kPa and 25°C [23]. The dissolution of Fe2O3 is not considered in Reaction (5) because 





from above reactions at different pH are presented in Fig. 4. For Reaction (3), the 
pressure of hydrogen is considered at 100 kPa. It can be seen that except for the 
leaching tests with low butyric acid amount of 10% of the stoichiometric ratio and 





 concentrations were not possible to limit the 
dissolution of the metallic elements. 
 




 concentrations in acid solution with various pH in 




The leaching selectivity of zinc rather than iron compounds can be attributed to the 
strong interaction between iron and butyrate anions. The strong interaction between Fe 
atoms and anionic butyrate legends is attributed to the vacant d-orbitals in Fe atoms 
which are occupied by the electron pairs supplied by the legends in the interaction. Such 
interaction does not take place between Zn and butyrate anions because there were no 




 cations have the 3d
6 
electron configuration, while Zn atoms and cations have the 3d
10 
configuration. 
This strong interaction between Fe and butyrate is demonstrated by the precipitation of 
a solid from the liquor solutions that were stored for some time after separation of the 
filter cake residue by filtration. The orange colored solid started to form on the surface 
of the solutions and appeared needle crystals. It presents a FT-IR spectrum (Fig. 5) 
which is similar to that of pure butyric acid [24]. An analysis shows that the solid 
contained mainly iron with little zinc as metallic element and has a molar butyrate to 
metal ratio near 2. The solid is formed by the follow reactions:  
 
Fig. 5. FT-IR spectrum of the solid segregated from an acid liquor after storage in a 




















 = (CH3CH2CH2COO)3Fe                  (8) 
The ferric iron was formed during storage, which was probably caused by oxidization 
by dissolved oxygen from air [25]. The products of Reactions (7) and (8) are not 
charged and insoluble in water so segregated from the acid solution. Re-analysis of the 
iron contents in the clear solutions obtained after removal of the precipitated solid after 
45 d storage shows that 50%-98% of the iron in the leachate solutions was precipitated. 
At the same time, no noticeable change in zinc contents in the clear solutions was 
detected. 
During leaching, similar interaction to Reactions (6) through (8) may take place on the 
iron atoms on the surface of filter cake particles, forming a layer of adsorbed butyrate 
anions which prevent the attack of the iron atoms by the protons in solution, thereby 
hindered their leaching. Due to the lack of similar interaction between zinc atoms and 
butyrate anions, zinc was selectively leached by the butyric acid. So, the chemisorption 
of butyrate anions on the surface of iron oxide particles yielded a polar hydrophobic 
film [26,27]. The leaching rate of iron decreased with increasing acid amount used and 
the concentration because a more complete protection film was formed under these 
conditions.  
Butyric acid is a weak acid which partially dissociates following Reaction (8) with a 
dissociation constant of 1.513x10
-5
 (pKa = 4.82) at 25 C: 








Due to the low acidity nature of butyric acid, the leaching solution is a buffer solution, 
which makes the pH change during leaching and for different leaching conditions not 
very significant. Considering the cases with acid amount at 70% of the stoichiometry, a 
final pH of 4.1 for leaching with 1.5 M butyric acid means a consumption of the acid by 
16%, while in the case of 0.5 M acid, a higher final pH of 4.65 means that up to 40% of 
the acid was consumed. These values are close to those calculated based on the amounts 
of leached zinc and iron.  
3.2 Releaching of residual filter cake and lixiviate reuse  
Because the leaching rate of zinc was limited to about 50% during butyric acid leaching, 
further experiments were carried out to explore the possibility of increasing its leaching 
rate by repeated leaching of the residual filter cake using fresh acid. As shown in Fig. 1, 
the leaching of zinc was fast during the first three hours, and then the rate increased 
slowly. Both residues after leaching for 3 and 10 h under the considered optimal 
conditions of 1.5 M acid and 70% of stoichiometric acid were tested in the releaching 
which was carried out for 6 h using the same conditions. The results are presented in 
Fig. 6. In the figure, the leaching rates of zinc and iron are based on the original zinc 
and iron contents before the first leaching. 
According to Fig. 6, the second leaching increased the leaching rate of zinc by 
approximately 10% for the residue subjected to 3 h leaching, which is equivalent to 
continuation of the first leaching until 10 h. For the residue which was firstly leached 
for 10 h, the second leaching further removed 6% of zinc. Overall, second leaching of 
the residue did not increase the leaching rate of zinc remarkably. Similar to the first 




consistent with the understanding that adsorbed butyrate anions on the iron atoms of the 
filter cake particles prevented leaching of iron and zinc from the ZnFe2O4 phase.  
 
Fig. 6. The leaching rates of (a) Zn and (b) Fe from the leaching residues.  
As presented previously, only a small fraction of acid was actually consumed in a 
leaching process. Further experiments were to test whether the liquor can be used in 
further leaching by addition of new filter cake samples in the filtrate after the residual 
filter cake was separated by filtration. The filtrates were obtained from first leaching 
with 70% of stoichiometric acid to filter cake ratio and 1.5 M acid, the leaching time 
being 3 h and 10 h. Also, a solution of filtrate after 3 h leaching with addition of 15 mL 
of concentrated butyric acid was tested. The second leaching was run for 6 h under the 
same conditions. The leaching rates of zinc and iron are presented in Fig. 7.  
According to Fig. 7, it is clear that the filtrate after first leaching still had pretty good 
capacity to further leach zinc from fresh filter cake and the high selectivity was 
remained. Three experiments did not show significant difference in the leaching of zinc 
and iron. After 6 h of leaching, the zinc leaching rate was approximately 37% which 





Fig. 7. The leaching rates of (a) Zn and (b) Fe from the fresh BOS filter cake using 
filtrates.  
Further tests were carried out on enhancing leaching effect by repeated leaching of the 
residue as well as the reuse of the leachate. Fig. 8 (a) shows the change of the leaching 
rates of zinc and iron from fresh filter cake samples using the same acid solution of 1.5 
M and 70% of the stoichiometric acid amount. Fig. 8 (b) presents the results of the 
same filter cake sample subjected to repeated leaching for 4 times, each time with fresh 
acid of 1.5 M and 70% acid amount. The leaching duration was 3 h for each time of 
leaching in both series of experiments.  
According to Fig. 8 (a), butyric acid is an efficient lixiviant for leaching zinc which can 
be used repeatedly. Although the leaching rate of zinc in following leaching runs was 
somewhat lower than that fresh acid was used, the high selectivity of zinc leaching was 
remained. The result is in good agreement with Steer and Griffiths’s research that fourth 
run of lixiviate reuse still had higher selectivity of zinc over iron from BF dust slurry 
using prop-2-enoic acid [28]. As shown in Fig. 8 (b), the overall zinc leaching rate was 
55% after 4 consecutive leaching. The fourth leaching only had a zinc removal of 2% 




more than 4 times. It proved that the residual zinc after leaching was stable and difficult 
to be removed even by increasing leaching time, acid concentration or amount. 
 
Fig. 8. The leaching rates of Zn and Fe in repeated leaching. (a) Filtrate was reused for 
leaching fresh filter cake samples; and (b) a residue was releached by fresh butyric acid 
for 4 times.  
Based on above experimental results, it is feasible to remove zinc from the BOS filter 
cake by leaching with butyric acid. It can be envisaged that a leaching system can be 
arranged in a way that the solid filter cake and acid are contacting in countercurrent 
flow, so that the used acid solution is in contact with fresh filter cake to maximize its 
leaching capacity, while the fresh acid is in contact with the residue filter cake which 
has subjected to a period of leaching already so that the high leaching capacity of the 
fresh acid is utilized to maximize the leaching removal from the filter cake. By this 
design, over 50% of the zinc in a BOS filter cake can be removed with a minimum acid 
consumption and minimal loss of iron from the waste. After leaching, the filter cake can 
be utilized by recycling into an iron ore sintering process, or to be used as a hot metal 




A possibility of low leaching rate of iron was that iron was leached but deposited on the 
solid as precipitate by combining with butyrate. To make clear this case, the carbon 
content of the leaching residues was measured by combusting in oxygen and measuring 
the amount of CO2 formed. It was found that the carbon content in the residues was 
slightly higher than that of original filter cake, which is caused by reduction of the 
sample weight due to loss of zinc and iron oxides by leaching as well as the dissolved 
acid in the residual liquid and adsorbed acid on the solid residues which left on the 
samples after drying. The carbon content slightly increased with increasing the 
concentration of acid used. The results demonstrated that no butyrate containing 
precipitate was formed during leaching. 
The outcomes of this investigation demonstrated that a high selectivity of zinc to iron 
leaching by butyric acid can be reached. The butyric acid can be recovered by an 
electro-winning process where dissolved zinc and iron can be recovered while the acid 
can be regenerated. This process is simple and cheap to operate, and can be used for the 
beneficiation of the zinc containing metallurgical wastes including BOS dust, BF dust 
and EAF dust. Then, the leaching residue will be suitable for recycling into BF for 
ironmaking, or directly recycled into BOS for steelmaking. 
4. Conclusions 
Zinc removal from a basic oxygen steelmaking filter cake by leaching with butyric acid 
was investigated. The following conclusions are drawn: 
(1) The leaching rate of zinc was mainly dependent on the acid amount used in leaching. 
The initial acid concentration had little effect on the leaching rate of zinc. The leaching 




below 0.5 M, but significantly decreased with increasing the acid concentration above 
1.0 M and the acid amount above 50% of stoichiometric ratio.  
(2) To maximize the selectivity of zinc, the recommended acid concentration is 1.5 M, 
and the acid amount is 70% of the stoichiometric ratio. Under these conditions, about 
50% of zinc leaching rate can be achieved, while the iron leaching rate can be limited to 
less than 1%. In 4 runs of continual leaching under optimal leaching conditions for 3 
hours each run, lixiviate reuse was demonstrated to be effective in selective leaching of 
zinc but repeated leaching of the residue was less effective to increase the zinc removal. 
(3) The selective leaching of zinc to iron can be attributed to the adsorption of butyrate 
anions on the iron atoms on the solid particle surface which formed a hydrophobic film 
preventing iron from being attacked by the protons in acid solution.  
(4) This study demonstrates that butyric acid is an effective leaching reagent in selective 
leaching of zinc from steelmaking wastes. This study can be further extended to explore 
a zinc leaching process making the acid and filter cake in contact in countercurrent flow 
to maximize zinc removal and the utilization of the acid.  
Acknowledgements 
The authors gratefully acknowledge the provision to Miss Jingxiu Wang with CSC 
scholarship by China Scholarships Council and the IPTA scholarship by the University 
of Wollongong. The BOS filter cake sample used in this work was supplied by 
BlueScope Steelmaking Ltd. The authors would like to thank Dr. Linda Tie for the 





[1] Z.H. Trung, F. Kukurugya, Z. Takacova, D. Orac, M. Laubertova, A. Miskufova, T. 
Havlik, Acidic leaching both of zinc and iron from basic oxygen furnace sludge, J. 
Hazard. Mater., 192 (2011) 1100-1107. 
[2] P. Dvorak, J. Jandova, Recycling of blast furnace and basic oxygen furnace dust, in:  
Waste Forum, 2002, 22-24. 
[3] M.V. Cantarino, C. de Carvalho Filho, M.B. Mansur, Selective removal of zinc from 
basic oxygen furnace sludges, Hydrometallurgy, 111 (2012) 124-128. 
[4] J. Steer, C. Grainger, A. Griffiths, M. Griffiths, T. Heinrich, A. Hopkins, 
Characterisation of BOS steelmaking dust and techniques for reducing zinc 
contamination, Ironmaking & Steelmaking, 41 (2014) 61-66. 
[5] A. Singh, M. Raju, U. Jha, Recycling of Basic Oxygen Furnace (BOS) sludge in iron 
and steel works, Int. J. Environ. Technol. Manage., 14 (2011) 19-32. 
[6] M. Sammut, J. Rose, A. Masion, E. Fiani, M. Depoux, A. Ziebel, J. Hazemann, O. 
Proux, D. Borschneck, Y. Noack, Determination of zinc speciation in basic oxygen 
furnace flying dust by chemical extractions and X-ray spectroscopy, Chemosphere, 70 
(2008) 1945-1951. 
[7] N. Ma, Recycling of basic oxygen furnace steelmaking dust by in-process separation 
of zinc from the dust, J. Cleaner Prod., 112 (2016) 4497-4504. 
[8] G. Laforest, J. Duchesne, Characterization and leachability of electric arc furnace 
dust made from remelting of stainless steel, J. Hazard. Mater., 135 (2006) 156-164. 
[9] A. Bakkar, Recycling of electric arc furnace dust through dissolution in deep 
eutectic ionic liquids and electrowinning, J. Hazard. Mater., 280 (2014) 191-199. 




Phase Formation and Zinc Removal during Sintering of Filter Cake Wastes, ISIJ 
International, 56 (2016) 505-512. 
[11] I. E. Doronin, A. G. Svyazhin, Commercial methods of recycling dust from steel 
making, Metallurgist, 54 (2011) 673-681. 
[12] C. A. Pickles, Thermodynamic analysis of the selective carbothermic reduction of 
electric arc furnace dust, J. Hazard. Mater., 150 (2008) 265-278. 
[13] O. Ruiz, C. Clemente, M. Alonso, F.J. Alguacil, Recycling of an electric arc 
furnace flue dust to obtain high grade ZnO, J. Hazard. Mater., 141 (2007) 33-36. 
[14] M.K. Jha, V. Kumar, R. Singh, Review of hydrometallurgical recovery of zinc from 
industrial wastes, Resources, conservation and recycling, 33 (2001) 1-22. 
[15] T. Havlík, B.V. e Souza, A.M. Bernardes, I.A.H. Schneider, A. Miškufová, 
Hydrometallurgical processing of carbon steel EAF dust, J. Hazard. Mater., 135 (2006) 
311-318. 
[16] N. Leclerc, E. Meux, J.-M. Lecuire, Hydrometallurgical recovery of zinc and lead 
from electric arc furnace dust using mononitrilotriacetate anion and hexahydrated ferric 
chloride, J. Hazard. Mater., B91 (2002) 257-270.  
[17] P. Oustadakis, P. Tsakiridis, A. Katsiapi, S. Agatzini-Leonardou, 
Hydrometallurgical process for zinc recovery from electric arc furnace dust (EAFD): 
Part I: Characterization and leaching by diluted sulphuric acid, J. Hazard. Mater., 179 
(2010) 1-7. 
[18] S. Kelebek, S. Yörük, B. Davis, Characterization of basic oxygen furnace dust and 
zinc removal by acid leaching, Miner. Eng., 17 (2004) 285-291. 
[19] P. Van Herck, C. Vandecasteele, R. Swennen, R. Mortier, Zinc and lead removal 





[20] Z. Youcai, R. Stanforth, Integrated hydrometallurgical process for production of 
zinc from electric arc furnace dust in alkaline medium, J. Hazard. Mater., 80 (2000) 
223-240. 
[21] A. Dutra, P. Paiva, L. Tavares, Alkaline leaching of zinc from electric arc furnace 
steel dust, Miner. Eng., 19 (2006) 478-485. 
[22] J. Wang, Z. Wang, Z. Zhang, G. Zhang, Zinc removal from basic oxygen 
steelmaking dust by leaching using organic acids, Hydrometallurgy, under review. 
[23] Malcolm W. Chase, Jr.: NIST-JANAF Thermochemical Tables, 4th ed., American 
Chemical Society, Washington, DC, 1998.  
[24] G. Arivazhagan, G. Parthipan, T. Thenappan, Solute-solvent interactions of acid-1, 
4-dioxane mixtures-by dielectric, FTIR, UV-vis and 13C NMR spectrometric methods, 
Spectrochim. Acta, Part A, 74 (2009) 860-868. 
[25] Š. Langová, J. Leško, D. Matýsek, Selective leaching of zinc from zinc ferrite with 
hydrochloric acid, Hydrometallurgy, 95 (2009) 179-182. 
[26] D. Panias, M. Taxiarchou, I. Paspaliaris, A. Kontopoulos, Mechanisms of 
dissolution of iron oxides in aqueous oxalic acid solutions, Hydrometallurgy, 42 (1996) 
257-265. 
[27] D.L. Allara, R.G. Nuzzo, Spontaneously organized molecular assemblies. 2. 
Quantitative infrared spectroscopic determination of equilibrium structures of solution-
adsorbed n-alkanoic acids on an oxidized aluminum surface, Langmuir, 52 (1985) 52-
66. 
[28] J.M. Steer, A.J. Griffiths, Investigation of carboxylic acids and non-aqueous 









Chapter 4. Comparison of the Leaching Behaviors of Zinc 
from Three Basic Oxygen Steelmaking (BOS) 




Comparison of the Leaching Behaviors of Zinc from Three 










1. School of Mechanical, Materials, Mechatronic and Biomedical Engineering, 
University of Wollongong, Wollongong, NSW 2522, Australia 
2. State Key Laboratory of Advanced Metallurgy, University of Science and 
Technology Beijing, Beijing 100083, China 
3. State Key Laboratory of Heavy Oil Processing, Faculty of Chemical Engineering, 






The selective leaching of zinc from three generations of basic oxygen steelmaking (BOS) 
filter cakes by butyric acid was investigated to compare the leaching behaviors of zinc 
and further to establish the correlation of the zinc leaching performances and the 
chemical compositions. The effects of acid concentration and amount were studied and 
different optimal leaching conditions for the three filter cakes were obtained. The first 
generation filter cake showed the lowest leachability with only less than 10% of zinc 
removed by 0.5 M acid concentration and the acid to solid ratio at 90% of the 
stoichiometric ratio in 10 h. The best zinc selectivity was achieved with the second 
generation filter cake at 51.2% of zinc leaching rate with only 0.47% of iron loss under 
optimal conditions of 1.5 M acid concentration and 70% acid amount. The third 
generation filter cake showed complete leaching of zinc but the optimal conditions 
depend on the priority consideration. Using 1.0 M acid and 90% acid to solid ratio for 
10 h, the leaching rate of zinc was 84.6% with 20% of iron loss. The mineralogical 
changes of the filter cakes during optimal leaching were characterized. The results 
indicate that different zinc and iron leaching behaviors were obtained and the selectivity 
of zinc was probably related to the compositional difference and storage conditions. 






 The leaching behaviors of three steelmaking dusts by butyric acid were compared. 
 Different steelmaking dusts showed different zinc and iron leaching behaviors. 
 The leaching of zinc from second generation filter cake is highly selective. 








In the iron and steel industry, over 30 million tonnes of dusts are generated each year [1, 
2]. Basic oxygen furnace steelmaking (BOS) represents about 57% of the annual steel 
production worldwide and electric arc furnace (EAF) accounts for 27%, hence more 
dusts will be produced and this increasing trend is likely to continue [3]. These dusts are 
categorized as hazardous metallurgical waste in light of the heavy metals contained [4]. 
BOS plays a key role in steel production where hot metallic iron from blast furnace (BF) 
and scrap steel is converted to steel [3,5]. The BOS dust contains metal oxides, thus 
zinc mostly exists as ZnO and ZnFe2O4 while iron is mainly found as Fe, FeO, Fe2O3, 
Fe3O4 and ZnFe2O4. The zinc content ranges from 0.5 to 8% with 50-80% of zinc as 
ZnO and the rest as ZnFe2O4. The iron content in the dust varies between 50 and 75% 
[6-9]. Considering its high iron content, BOS dust is potentially secondary iron resource 
for recovery. However, the direct recycling is hindered by the problematic zinc and 
therefore BOS dust has to be stored or disposed of in landfills [10-13].  
It has been demonstrated that the composition of the steelmaking dust varies widely 
depending on the quality of the scrap used, the type of steel produced, and the operating 
and the aging conditions [14, 15]. In contrast with BOS dust, EAF dust has much higher 
content of non-ferrous metal oxides. The content of carbon in the BF dust is usually 
higher than that contained in the BOS dust while zinc content is correspondingly lower 
by 2-6%. Also, BF dust is coarser than BOS dust due to the difference between the 
processes. It should be noted that the zinc content in EAF dust is the highest among 
these three steelmaking dusts. 




materials by hydrometallurgy methods, which complies with the policy of sustainable 
development, helps to alleviate furnace damage, reduces the environmental load of 
stored waste and also reduces the costs by replacement of raw materials. After selective 
removal of zinc, the waste becomes an excellent iron-bearing material that can be used 
as a feed component for the production of iron and steel [4,16]. It is reported that zinc 
content is determined to be about 1% in many industrial plants [16]. Hence, zinc has to 
be selectively removed from the BOS dusts. 
It is supposed that zinc leaching from steelmaking dust is related to the fraction of Zn in 
the form of ZnO because ZnFe2O4 has a very stable spinel structure that is considerably 
refractory against leaching [17-20]. However, no specific relationship between the 
leaching rate of zinc and the ZnO fraction has been established. Steer and Griffiths 
investigated the leaching of zinc from BF slurry with 2.25 wt.% of Zn in the form of 
ZnO and 36.2 wt.% of Fe using 1 M prop-2-enoic acid; 83.1% of zinc was removed 
with 8.5% of iron dissolution [21]. Kelebek et al. found that leaching with H2SO4 was 
effectively applied to the coarse fraction of BOS sludge with 81% of zinc removal but 
not suitable for the fines with only 29.2%. It is noted that the initial zinc contents of 
coarse (+38 μm) and fines (-38 μm) were 1.60 wt.% and 1.90 wt.%, respectively, but the 
fines contained greater proportion of ZnFe2O4 than coarse [7]. Using H2SO4 to leach 
zinc from BOS sludge with 47.7 wt.% of Fe and 2.74 wt.% of Zn, about 10% of zinc 
extraction was obtained at room temperature and low acid concentration (0.1 and 0.2 M) 
since only Zn in ZnO was leached out. However, Zn in ZnFe2O4 was further removed at 
higher temperatures and higher concentrations (1 M), which can be reflected from 
increased zinc and iron leaching rates over 50% [11]. Vereš et al. studied BOS dust 




total zinc is ZnFe2O4 and the remaining is ZnO. The zinc extraction was less than 50% 
even if the H2SO4 concentration was increased to 2.0 M at room temperature [22]. So, 
the characteristics of the steelmaking dusts are closely related to the zinc leaching 
performance. 
In the previous study [23], butyric acid was shown to be highly efficient in selective 
leaching of zinc over iron from the second generation BOS filter cake, giving a high 
zinc yield without much iron dissolution. This paper compares the leaching behaviors of 
three different generations of BOS filter cakes using butyric acid to develop a better 
understanding of the leaching performance of zinc in relation to their chemical, physical, 
morphological and mineralogical characterization. This is vital to the design of 
alternative techniques for treating such BOS filter cakes. The optimal leaching 
conditions for maximum zinc removal and minimum iron removal from the three 
generation BOS filter cakes were determined, and the corresponding leaching residues 
were characterized. 
2. Materials and methods 
2.1 Materials 
Three different generations of BOS filter cake wastes produced in a steelwork in 
Australia were used in the current study, namely first generation BOS filter cake, 
second generation BOS filter cake and third generation BOS filter cake. The first 
generation filter cake was obtained when the BOS was operated with iron ore as coolant, 
while second and third generation filter cakes were obtained when the first and second 
generation filter cakes were used as coolant respectively. The first generation filter cake 




filter cakes were fresh filter cakes. The second generation filter cake was subjected to a 
heat treatment in a muffle furnace by heating it from room temperature to 130 °C in 40 
days. The third generation filter cake was stored in a fridge below 0 °C before used for 
the experiments. These samples were oven dried prior to crushing and screening to 300-
500 μm for leaching experiments.  
The chemical compositions of the three BOS filter cakes were identified using X-ray 
fluorescence (XRF, AMETEK SPECTRO XEPOS ED-XRF) as shown in Table 1, and 
similar elements were observed in all these samples. Among the metals contained, the 
amounts of Zn and Fe were significant, followed by calcium, magnesium and silicon, 
and other metals exhibited relatively low concentrations below 1%. As can be expected, 
zinc content increased with increasing the generation of the samples. The zinc content in 
the first generation filter cake was the lowest at 2.42 wt.%; it increased to 6.53 wt.% in 
the second generation filter cake and further increased to 13.77 wt.% in the third 
generation filter cake. The contents of iron in the first, second and third generation filter 
cakes were 56.0 wt.%, 56.5 wt.% and 60.0 wt.%, respectively. Thus, the filter cake 
samples are a promising secondary source of iron.  
Butyric acid with 99% purity was used as a leaching acid. Nitric acid (70%) was used 
for the preparation of leaching samples for inductively coupled plasma-optical emission 
spectrometry (ICP-OES 710, Agilent, Australia) analysis to determine the 
concentrations of zinc and iron. The deionized water used for dilution of different acids 
was purified using a water super-purification apparatus (Milli-Q, Millipore). Zinc and 
iron standard solutions were diluted by 2% nitric acid to the required concentrations for 





Table 1. The average chemical compositions of the three generations of BOS filter 
cakes obtained from XRF analysis (wt.%). 
Sample 1st generation 2nd generation 3rd generation 
Fe 56.0 56.5 60.0 
Zn 2.42 6.53 13.77 
CaO 5.65 4.00 4.23 
MgO 2.88 1.94 1.58 
SiO2 1.55 1.40 2.17 
Al2O3 0.26 0.09 0.35 
Mn 0.83 0.67 0.61 
P 0.083 0.093 0.079 
K2O 0.037 0.054 0.016 
TiO2 0.051 0.048 0.034 
Pb 0.096 0.085 0.387 
S 0.075 0.065 0.151 
Cu 0.011 0.013 0.028 
V 0.039 0.012 0.013 
Ni 0.030 0.008 0.000 
Cr 0.053 0.021 0.035 
LOI 4.73 1.78 3.56 
 LOI-Loss on ignition at 1000 ºC. 
2.2 Leaching experiments  
The leaching experiments were performed in 250 mL conical flasks on a horizontally 
oscillating shaker (RM2, Ratek, Australia) with 120 rpm to stir the samples. The effects 
of acid concentration and the acid to solid ratio were investigated in the study. Butyric 
acid solution was fixed at 150 mL and prepared based on the required acid 
concentrations of 0.5, 1.0, 1.5, 2.0 M. The sample weight added was calculated from the 
acid amount at each acid concentration to give the ratios of acid to filter cakes at 10, 30, 




iron consumes two moles of butyric acid. At different leaching time until 10 h, each 
flask was sampled by removing 1.0 mL of leaching solution. The sampled solutions 
were diluted to 10 mL using deionized water and filtered by 0.22-μm cellulose nitrate 
membrane using syringe. Then 1.0 mL of each solution was further diluted to 
appropriate Fe and Zn concentration ranges with 2% nitric acid and analyzed by ICP-
OES to determine the concentrations of zinc and iron. The leaching rate was calculated 
from a mass balance as follows:  
                      (1) 
where M is either Zn or Fe. 
All leaching experiments were performed at ambient temperature. The pH of the 
leaching solutions was measured with a pH meter (PHSJ-4A, Shanghai Leici, China). 
After leaching, the solid residues were washed with deionized water, filtrated, dried and 
weighed for further characterization.   
2.3 Characterization of filter cakes and leaching residues  
The chemical compositions of the BOS filter cakes were determined by XRF. To avoid 
loss of zinc when it was melted with fluxing material, all the samples were first heated 
slowly to 600 °C at a heating rate of 5 ºC/min in an oxygen stream to remove their 
carbonaceous matter.  
The mineralogical compositions of the original filter cakes and leaching residues were 
analyzed by X-ray diffraction (XRD, GBC MMA, Australia). The XRD patterns for 
quantitative analysis were obtained at 35 kV and 28.5 mA with monochromated Cu-Kα 
X-ray radiation (λ=1.5406 Å) from 10° to 142° at a scanning speed of 0.5°/min with a 
 
Mass of M in leachate
Leaching rate % = 100





step size of 0.014°. The patterns for qualitative analysis were from 15° to 85° at a 
scanning speed of 1.5°/min with a step size of 0.05°. 
The morphological features were studied by scanning electron microscopy with energy 
dispersive X-ray spectrometer (SEM/EDS, JEOL JSM 6490). The surface elemental 
compositions were determined by X-ray photoelectron spectroscopy (XPS) using a 
SPECS PHOIBOS 100 Analyzer installed in a high-vacuum chamber with the base 
pressure below 10
-8
 bar.  
The thermo-gravimetric (TG) and differential scanning calorimetry (DSC) analysis of 
the thermal behavior of the filter cake samples was performed using the NETZSCH 
STA 449 F5 Jupiter from Australia under air and argon atmospheres. Approximately 
100 mg of a sample was loaded in an Al2O3 crucible on a pan of the microbalance, and 
scanned in the temperature range of 50-800
 
°C at a heating rate of 10 °C/min and a flow 
rate of 100 mL/min. An empty pan served as the reference. 
3. Results and discussion 
3.1 The leaching performance of different BOS filter cakes 
The three BOS filter cakes were leached by butyric acid under the same leaching 
conditions and the corresponding zinc and iron leaching rates were obtained. Fig. 1 
compares the leaching rate of zinc at different acid to solid ratios and acid 
concentrations.  
From Fig. 1, the leaching rate of zinc from the third generation BOS filter cake was the 
highest, followed by the second, while less than 10% of zinc was dissolved from the 




generation BOS filter cake, increasing the acid to solid ratio caused considerable 
increase of zinc leaching but it decreased slightly with increasing acid concentration. 
The increase in acid to solid ratio from 10 to 50% increased zinc removal rate from the 
second generation filter cake, but further increasing acid amount did not have 
significant impact on the zinc leaching rate. The maximum zinc leaching rate was 
achieved at 1.5 M acid concentration and 70% of stoichiometric acid amount after 10 h 
of leaching. 
 
Fig. 1. The leaching rate of Zn from three different BOS filter cakes at acid to solid 





Fig. 2. The leaching rate of Fe from three different BOS filter cakes at acid to solid ratio 
10% to 90% and acid concentration (a) 0.5 M; (b) 1.0 M; (c) 1.5 M; and (d) 2.0 M. 
Fig. 2 shows corresponding iron dissolution from the three BOS filter cakes in relation 
to acid to solid ratio at various acid concentrations. Similar to zinc leaching from the 
first generation BOS filter cake, iron was hardly dissolved, with less than 1% iron 
dissolution for all of the leaching conditions tested. The change pattern of the iron 
dissolution from the second generation filter cake was complex. Apparently, the iron 
leaching rate increased significantly with increasing the acid to solid ratio at the low 
acid concentration of 0.5 M. Up to 30% of iron was dissolved in the acid when its 
amount was 90%. The dissolution of iron was significantly decreased to less than 5% in 




dissolution dropped to below 1% which seemed to be independent of the amount of acid 
used. It is inferred that the iron leaching rate reached the lowest value at acid 
concentration of 1.5 M or higher.  
For the third generation BOS filter cake, iron dissolution increased dramatically with 
increasing the acid to solid ratio at all the given acid concentrations similar to zinc 
removal rate. When the acid amount was at 10%, less than 4% of iron dissolution was 
observed at all four acid concentrations. When the acid amount was increased to 50% 
and higher, the iron removal decreased slightly with increasing the acid concentration 
from 0.5 to 1.0 M, but further increased sharply to some extent for 1.5 and 2.0 M acid 
concentrations. As a result, the leaching of the third generation BOS filter cake reached 
the best outcome with butyric acid concentration at 1.0 M. Under this concentration, the 
progress of the leaching of zinc and iron with different acid to solid ratio is presented in 
Fig. 3. 
 
Fig. 3. Progress of leaching of (a) Zn and (b) Fe from the third generation BOS filter 
cake using 1.0 M butyric acid with different acid to solid ratio.   
According to Fig. 3, the optimal leaching conditions of the third generation BOS filter 




zinc leaching, a leaching for 10 h with 1.0 M acid and acid to solid ratio at 90% can be 
adopted which can reach 85% zinc removal and 20% iron loss. With decreasing the 
amount of acid to 70% of the stoichiometric amount, the loss of iron was decreased to 
15%, although zinc removal also decreased to about 70%. By limiting the leaching time 
at 2 h with acid to solid ratio at 90%, more than 50% of zinc can be removed with iron 
loss less than 11%. 
Overall, the three generation BOS filter cakes showed various leaching behaviors of 
zinc and iron. The first generation BOS filter cake showed poor leachability of zinc with 
less than 10% removal, and iron dissolution was below 1%. The optimum leaching 
condition for selectively leaching of zinc was selected at 1.0 M acid concentration and 
90% stoichiometry. On the other hand, zinc and iron in the third generation filter cake 
tended to be easily dissolved. The zinc leaching rate reached 89.1% but the iron 
leaching was 27.2% with 0.5 M butyric acid, which has a poor selectivity. The optimal 
condition was at acid concentration of 1.0 M and acid to solid ratio at 90% of the 
stoichiometric amount in consideration of 85% zinc removal and 20% iron loss. The 
leaching time can be controlled to reduce the loss of iron with sacrifice of zinc leaching 
rate. In comparison, butyric acid showed the best leaching selectivity of zinc over iron 
from the second generation BOS filter cake; at 1.5 M acid concentration and 70% 
stoichiometry, a maximum of 51.2% zinc removal was achieved with a minimum of 
only 0.47% iron dissolution. 
Repeated leaching of the same filter cake sample and the reuse of the leachate for 
leaching fresh filter cake samples were tested on the third generation BOS filter cake. 
The leaching duration was 3 h for each time of leaching in both series of experiments. 




cake using the same acid solution of 1.0 M and 90% of the stoichiometric acid amount 
for 4 times. Both zinc and iron leaching rates reduced significantly with the progress of 
consecutive leaching. In the second leaching, the zinc removal rate was 26%, only about 
40% of the amount of zinc leached in the first leaching. This sharp decrease in the zinc 
leaching capacity of the acid solution is in contrast with that for the second generation 
BOS filter cake [23]. In the latter case the leaching rate of zinc only slightly decreased 
with the times of repeated use of the acid solution. The difference between the two cases 
can be attributed to the high consumption of the acid in the leaching of the third 
generation filter cake because of its significantly higher leaching rate of iron in 
comparison with that in the leaching of the second generation filter cake. Relatively, the 
leaching rate of iron decreased slower with the times of reuse of the acid solution. The 
results shows that the reuse of the acid solution did not help improve the leaching 
process of the third generation filter cake, because the selectivity of leaching zinc over 
iron became worse. Instead, the leaching time of the third generation filter cake should 
be optimized to achieve the best waste recycling benefit. 
 
Fig. 4. The leaching rates of zinc and iron in repeated leaching. (a) Filtrate was reused 




consecutively leached by fresh butyric acid for 4 times. Each leaching was 3 h. 
Fig. 4 (b) presents the results of the same filter cake sample subjected to repeated 
leaching for 4 times, each time with fresh acid of 1.0 M and 90% acid amount. Unlike 
the limited increase of zinc removal by repeated leaching of the residue from the second 
generation filter cake, the residue of the third generation filter cake was continually 
releached until zinc was completely removed after 4 times of leaching. The iron 
dissolution by the second leaching was higher than the first leaching, although reduced 
with the following leaching runs. It indicated that all the zinc contained in the third 
generation filter cake was leachable but iron dissolution was very difficult to control.  
3.2 Change in mineralogy characteristics of the filter cakes 
Fig. 5 presents the XRD patterns of the three BOS filter cakes and the corresponding 
leaching residues by butyric acid under the optimal leaching conditions. It can be found 
that zinc existed as ZnO and ZnFe2O4 in all the three samples, but the contents of zinc 
in these two compounds varied widely. According to the quantitative XRD analysis 
(Table 2), the content of zinc in ZnO was significantly lower, equal to, while much 
higher than that in ZnFe2O4 for the first, second and third generation filter cake, 
respectively. For iron containing phases, FeO, Fe3O4 and Fe were detected in all these 
three samples but Fe2O3 was only found in the first generation BOS filter cake. Fe3O4 
was the predominant crystalline phase in the first generation filter cake while FeO was 
the major phase in both second and third generation filter cake. The peaks of ZnFe2O4 
and Fe3O4 overlapped to some extent but they can be distinguished clearly by the 





Fig. 5. XRD patterns of the three BOS filter cakes and the corresponding leaching 
residues. (a) first generation; (b) second generation; (c) third generation; (d) first 
residue; (e) second residue; (f) third residue. 
Table 2. Mineral phase compositions of the three BOS filter cakes and the 
corresponding leaching residues by butyric acid under optimum leaching conditions 
obtained from quantitative XRD analysis (%) 
Sample 1st BOS  2nd BOS  3rd BOS  1st residue 2nd residue 3rd residue 
Wustite (FeO) 6.7 47.9 48.5 11.9 64.6 59.2 
Iron (Fe) 0.5 16.2 14.9 - 20.4 1.3 
Magnetite (Fe3O4) 48.8 12.3 7.0 51.8 9.2 19.2 
Hematite (Fe2O3) 10.1 - - 7.3 - - 
Zinc oxide (ZnO) 0.2 1.8 15.4 - - - 
Franklinite 
(ZnFe2O4) 
20.7 6 5.5 20.4 5.8 14.1 
Calcite (CaCO3) 9.3 6.6 8.2 0.4 - - 
Graphite (C) 3.7 9.3 0.7 8.2 - 6.1 
 
No obvious change of the phases was observed for the residue of the first generation 




matched well with the corresponding lower zinc and iron leaching rates which may be 
explained by the long term stockpile of the waste. The same phases of metallic Fe, FeO 
and Fe3O4 were still detected from the residue of the second generation filter cake. 
Apparently, the residue of the third generation filter cake showed remarkable changes of 
the phases and the relative contents. For iron-containing phases, Fe was mostly 
dissolved while no obvious dissolution of FeO and Fe3O4 was observed. The 
disappearance of ZnO peaks from all the filter cakes implied that it was completely 
dissolved or the remaining amount was below the limit of the detection. However, 
insignificant variation of ZnFe2O4 peaks agreed with the findings from many 
researchers that ZnFe2O4 was stable and insoluble in traditional acid leaching process 
[19, 20]. 
Fig. 6 presents the morphology of the three BOS filter cakes and the corresponding 
leaching residues. All the three samples consist of fine grains with various shapes and 
sizes, but the grain size of the first generation BOS filter cake is obviously larger than 
those of the second and third generation filter cakes. The first filter cake contains non-
spherical grains and clusters of submicron grains, but the majority of the grains are >1 
μm. EDS analysis confirmed the presence of metal oxides, mainly iron oxides, followed 
by the oxides of zinc, aluminum, calcium and magnesium. For the second and third 
BOS filter cakes, the individual grains are predominantly spherical at submicron level, 
and large grains >1 μm are rare. The fine grains agglomerated together to form porous 





Fig. 6. SEM micrographs of the BOS filter cakes and the corresponding leaching 
residues under optimal leaching conditions. (a) First generation; (b) second generation; 
(c) third generation; (d) first residue; (e) second residue; (f) third residue. 
After leaching by butyric acid under the optimal leaching conditions, the SEM 
micrographs of the residues show different changes from the original samples. The 
shape and grain size of the first residue are almost the same as before leaching. The 
EDS analysis also shows not much difference. This corresponds to the low leaching 
rates of zinc and iron in the leaching of the first generation BOS filter cake by butyric 
acid. For the second residue, although the morphology is in general not changed after 




Considering that up to 50% of zinc was removed by leaching with very low loss of iron, 
it can be recognized that iron oxides form the basic structure of the filter cake which 
was not affected by the removal of zinc. For the third generation filter cake, it seems 
that the fine particles were leached, leaving the residue, with relatively coarse grains 
and higher porosity, which is consistent with the high zinc and iron leaching rates. 
Fig. 7 presents the TG-DSC curves of the three BOS filter cakes, which were obtained 
in the temperature range of 50-800 °C both in air and in argon with a gas flow rate of 
100 mL/min. Overall, the TG patterns of the second and third generation filter cakes 
show similar trends of weight increase in air atmosphere up to 500 °C, while mass loss 
in argon atmosphere. However, the first generation filter cake mainly subjected to a 
weight loss with increasing temperature in both air and argon atmospheres. There was a 





Fig. 7. TG-DSC curves of the three BOS filter cakes in air and argon atmospheres. (a) 
first generation, in air; (b) second generation, in air; (c) third generation, in air; (d) first 
generation, in argon; (e) second generation, in argon; and (f) third generation, in argon. 
Fig. 8 presents the XRD patterns of the filter cake samples subjected to the TG-DSC 
analysis (reacted samples). The results indicate that the weight changes are due to 
oxidation and reduction of the iron and its oxides in the BOS filter cakes. All three filter 
cake samples are nearly fully oxidized during heating to 800 °C in air, since Fe2O3 and 
ZnFe2O4 (both containing Fe
3+




other hand, the second and third generation filter cakes are converted mainly to FeO 
phase in addition to metallic iron in the argon atmosphere. The lack of ZnO peaks in the 
reacted second generation filter cake may be attributed to formation of FeO-ZnO solid 
solution. ZnO peaks are observed in the reacted third generation filter cake because of 
its high zinc content. The lack of significant reduction of iron oxides in the first 
generation filter cake may be related to its relatively large grain size which makes the 
release of oxygen from the grains slower. This is consistent with the weight loss of the 
first generation filter cake in the TG-DSC analysis. The total mass loss of the first 
generation filter cake was 5.15% and 5.96% in air and argon, respectively. The slight 
difference can be attributed to the oxidation of low contents of Fe, FeO and Fe3O4 to 
Fe2O3 that occurs in the temperature range from 300 to 540
 
°C [24].   
 
Fig. 8. XRD patterns of the filter cake samples subjected to TG-DSC analysis in air and 
argon atmospheres: (a) first generation, in air; (b) second generation, in air; (c) third 
generation, in air; (d) first generation, in argon; (e) second generation, in argon; and (f) 




In air, the weight loss of the first generation filter cake was about 0.8% which took 
place below 280 °C. Nearly no further weight loss occurred until increasing temperature 
until 500 °C. For the second and third generation filter cakes, there were 4.4% and 5.11% 
of total weight gain, respectively. The mass gain was more evident in two temperature 
ranges of 300-350 °C and 400-450 °C with two strong exothermic peaks at about 
340 °C and 430 °C, indicating oxidation and possible combustion reactions [25]. The 
mass reached the maximum and then remained relatively stable till 600 
o
C. The first 
stage from 50 to 300 °C in air of all the samples was caused by the loss of moisture and 
represented dehydration [26, 27]. The mass decrease in the last stage with a strong 
endothermic reaction at 750 °C was a result of the dissociation of the calcium carbonate 
[28-30]. Besides, the absence of graphite peak in the air test was a clear sign of the C 
oxidation from the second generation BOS filter cake (Fig. 8).  
In argon atmosphere, the absence of free oxygen in the furnace led to no oxidation 
reactions in contrary to the analysis in air, and hence the mass loss became increasing 
monotonically as reflected by the TG curves. The reactions were associated with the 
reduction of Fe3O4 to FeO and the partial reaction of Fe, which was also verified by 
XRD results (Fig. 8). The sample treated in argon atmosphere showed more humidity 
evaporation at about 100 °C. The dissociation of the calcium carbonate was also found 
at the same temperature range as in air. The weight loss recorded for the first generation 
filter cake was 5.96%, followed by 4.44% for the second generation and 3.36% for the 
third generation filter cake. 
XPS is an effective surface technique with a quantitative analysis function, and it is 




reactions. The XPS spectra of the original filter cakes and the leaching residues are 
presented in Fig. 9. 
 
Fig. 9. XPS spectra of Zn 2p in the three generations of BOS filter cakes and the 
leaching residues under corresponding optimal leaching conditions. (a) first generation; 
(b) second generation; (c) third generation; (d) first residue; (e) second residue; (f) third 
residue.  
From Fig. 9 (a-c), it can be observed that the XPS spectra of Zn 2p for both second and 
third generation filter cakes had two fitting peaks located at about 1043.9 and 1020.8 eV 
assigned to Zn 2p1/2 and Zn 2p3/2, respectively. The peak separation between the Zn 
2p3/2 and Zn 2p1/2 for the second and third generation filter cakes was 23.1 eV, verifying 
the +2 oxidation state of Zn in ZnO [31]. The Zn 2p1/2 peaks at 1020.8 eV was 
deconvoluted into two peaks which were attributed to zinc from ZnFe2O4 and ZnO, 
respectively, as shown in Fig. 9. The data match well with the XPS results of other 
researchers [32, 33]. The ZnO to ZnFe2O4 ratio was determined to be 2.75 and 1.99 in 




located at 1043.8 and 1020.3 eV corresponding to Zn 2p1/2 and Zn 2p3/2, the first 
generation filter cake had an additional and the strongest peak located at 1014.5 eV. The 
binding energy difference of 23.5 eV and broader peak width indicate the complexity of 
Zn species in the first generation filter cake.  
As can be seen clearly from Fig. 9 (d-f), the relatively low intensity of Zn 2p3/2 peak in 
the leaching residues of the second and third filter cakes with broader peak width 
implied the dissolution of ZnO and ZnFe2O4 [34]. This was consistent with the zinc 
extraction provided by ICP and XRD analysis. The dissolution was also confirmed by 
the peak shift to lower position. The remarkable reduction of the ratio of ZnO/ZnFe2O4 
was clear evidence of preferable leaching of ZnO. Interestingly, the peak located at 
1010.1 eV in Fig. 9 (a) disappeared after acid leaching in Fig. 9 (d), demonstrating that 
a small quantity of Zn
2+
 was dissolved in butyric acid solution, corresponding to 8.41% 
zinc removal. 
It is thus inferred from the XPS analysis that zinc in the three BOS filter cakes was 
present as ZnO and ZnFe2O4, but there is a possibility of presence of additional zinc 
species contained in the first generation filter cake. 
Fig. 10 (a-c) shows the Fe 2p spectra of the three BOS filter cakes. The binding energy 
of Fe 2p3/2 and Fe 2p1/2 and the energy separation of the doublet prove the presence of 
ZnFe2O4 in the three samples [32]. There is a satellite peak for Fe 2p3/2 and the binding 
energy difference between the Fe 2p3/2 peak and the satellite peak was within 6-8 eV. 
This ‘shoulder’ satellite peak and the binding energy difference indicate the existence of 




 ratio was obtained by deconvolving the Fe 2p3/2 




respectively. This is in good agreement with the XRD result that FeO was the major 
phase in the second and third generation filter cake but Fe3O4 is dominant in the first 
generation filter cake. However, it is impossible to detect Fe
0
 since the grain surface of 
metallic iron was oxidized.  
 
Fig. 10. XPS spectra of Fe 2p in the three generations of BOS filter cakes and the 
leaching residues under corresponding optimal leaching conditions.  (a) first generation; 
(b) second generation; (c) third generation; (d) first residue; (e) second residue; (f) third 
residue. 
The Fe 2p spectra shown in Fig. 10 (d-f) confirmed that dramatic change was observed 
for the third leaching residue. The relative peak intensity of Fe 2p3/2 was observed to be 
reduced but the peak width appeared to be narrower than that in original third 
generation filter cake. These implied the dissolution of iron compounds due to the 
butyric acid leaching. The result is in accordance with the ICP and XRD analyses that 
20% of iron was extracted at 1.0 M acid and 90% of stoichiometric acid to solid ratio 








 peaks from 710.2 and 713.0 eV toward lower 
binding energy of 710.0 and 711.7 eV, respectively [24, 37]. For the second BOS 
leaching residue, no significant changes of Fe 2p spectra were observed. However, only 
Fe
3+





Selective leaching of zinc from three generations of BOS filter cakes by butyric acid 
was investigated. The effects of acid concentration and amount were systematically 
examined. The following conclusions are obtained: 
(1) Among the three generation BOS filter cakes, the leaching by butyric acid was most 
effective in removal of zinc from the third generation filter cake. All of the zinc was 
removed by leaching in repeated leaching experiments but with significant loss of iron. 
The first generation BOS filter cake showed the lowest leaching performance of zinc. 
The best selectivity of zinc over iron was achieved with the second generation filter 
cake.  
(2) The optimal leaching conditions for the first generation BOS filter cake were with 
0.5 M acid concentration and 90% of the stoichiometric acid to solid ratio, but only less 
than 10% of zinc was leached in 10 h. For the second generation BOS filter cake, 1.5 M 
acid concentration and 70% of stoichiometric acid to solid ratio were optimal by which 
51.2% of zinc was removed with 0.47% of loss of iron.  
(3) For the third generation BOS filter cake, different leaching conditions can be 




leaching with 0.5 M acid concentration and 90% of the stoichiometric acid to solid ratio 
for 10 h, with 27.2% loss of iron. Using 1.0 M acid and acid to solid ratio at 70%, 
leaching for 10 h had a reduced zinc removal of 70%, but the loss of iron was controlled 
at 15%. By limiting the leaching time at 2 h with acid to solid ratio at 90%, more than 
50% of zinc can be removed with iron loss less than 11%. 
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Three basic oxygen steelmaking filter cakes were leached using mixtures of butyric acid 
with acetic and propionic acids, HCl and H2SO4. The main focus was to assess the 
effects of other acids on the zinc and iron leaching in butyric acid. The results show that 
slight reduction of zinc leaching and increase in iron leaching from the second 
generation filter cake may take place with addition of acetic and propionic acids, 
causing a minor decrease in the selectivity of zinc leaching over iron. Overall, an 
excellent selectivity can be maintained with the butyric acid-other acid mixtures. H2SO4 
and HCl need to be added intermittently to control the pH no less than that of pure 
butyric acid solution. The results demonstrate that it is feasible to use raw butyric acid 
without purification or waste butyric acid containing other impurity acids for leaching 
of zinc from the second generation basic oxygen steelmaking filter cake to be recycled. 
Using high content of H2SO4 in leaching is not recommended because it has a 
detrimental effect on the selectivity of zinc leaching and may cause deposition of CaSO4 
in the leaching residue which may increase the SO2 emission in following high 
temperature recycling processes. The use of mixed acid was not helpful in increasing 
the zinc removal from the first generation filter cake or to improve the zinc selectivity in 
leaching of third generation filter cake.  
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 Acetic and propionic acids do not affect selectivity of zinc leaching from second 
generation BOS filter cake. 
 HCl has low detrimental effect on zinc leaching selectivity by butyric acid. 
 Leachability and selectivity are related to mineral composition and type, content 
and amount of acid used. 
 Impure butyric acid or waste acid can be used for zinc leaching from second 







Basic oxygen steelmaking (BOS) dusts are waste oxide materials with iron oxides as the 
major components, containing 50-75% of iron. They are valuable secondary iron 
resources [1-3]. Yet, the zinc content in the wastes is problematic for the recycling, so 
the wastes are deposited in landfills [4-6]. Steelmaking dusts are categorized as 
hazardous wastes and the landfill can be a potential hazard to the surrounding 
environment and threaten people’s health [7-9]. In fact, the management of steelmaking 
dusts has become an important issue due to ever-tightening environmental regulations 
[10].  
Methods for processing steelmaking dusts are pyrometallurgy, hydrometallurgy or a 
combination of both [11-13]. Hydrometallurgy is more advantageous in terms of 
process economy and the environment [14-17]. For hydrometallurgical methods, 
organic acids are common and inexpensive raw materials, generating low toxic wastes, 
less concentrated solutions, and recycling of solution [18]. Therefore, organic acids are 
suitable lixiviates for selectively reducing the zinc content from metallurgical wastes to 
enable the recycling of the latter.  
Butyric acid (CH3CH2CH2COOH), as a 4-carbon short-chain fatty acid, is known to 
have many applications in chemical, food and pharmaceutical industries. It was 
demonstrated in our previous studies that butyric acid was selective in leaching zinc 
over iron from BOS filter cake, with leaching rates being higher than 50% vs less than 
1%, respectively [19]. Similar carboxylic acids like acetic acid and propionic acid do 
not show as good selectivity as butyric acid, although they are cheaper acids. Currently 




propylene by oxosynthesis [20]. The production of butyric acid by fermentation has 
become an increasingly attractive alternative to current petroleum-based chemical 
synthesis techniques because of public concerns about environmental pollution caused 
by the petrochemical industry and continuous rise in the price of crude oil [21]. The 
butyrate fermentation process produces butyric acid concomitantly with acetic acid, 
hydrogen, carbon dioxide, trace lactate and other products [22, 23]. There are many 
other acid fermentation processes used in university research and in development for 
industry application, ending with the production of acetic acid, propionic acid, butyric 
acid, and other products [24, 25]. Since these organic acids are always generated 
simultaneously and there are also abandoned waste acids containing butyrate, 
investigation of the effects of these mixed acids on the selective leaching of zinc from 
BOS filter cake is crucial for both utilization of bio-fermentation and finding a cost-
saving raw material that can selectively leach zinc over iron from steelmaking dusts. 
Mineral acids such as sulfuric acid (H2SO4) and hydrochloric acid (HCl) have been 
confirmed by many researchers to remove the majority of zinc from steelmaking dusts 
but with higher iron dissolution [4, 26, 27]. Butyric acid was shown to have higher 
selectivity of zinc over iron, but zinc leaching rate was still lower than that reached by 
mentioned mineral acids in spite of iron dissolution lower than 1%. Moreover, there are 
spent acid solutions containing mineral acids discharged from steel and electroplating 
industries [28, 29]. Considering saving resources and improving efficiency, it is 
therefore important to investigate the feasibility of utilizing these waste acids in 
leaching zinc and the presence of other acids in the butyric acid solution on the 




This investigation examines the effects of addition of other organic acids or mineral 
acids into butyric acid on the leaching of zinc and iron from BOS filter cakes. The main 
objective of this study was to develop better understanding on the interaction of 
different organic acids possibly present in the raw produced butyric acid in acid 
leaching. The investigation provides a new strategy in the selective leaching of zinc 
using mixed acids or waste butyric acid to reduce the operation cost of selective 
leaching of zinc from steelmaking dusts. 
2. Materials and methods 
2.1 Materials 
The filter cake samples were supplied by a steelwork in the form of lumps agglomerated 
from the BOS dusts. The samples were crushed and then sieved into particle size range 
from 300 to 500 μm, and the chemical composition of the three BOS filter cake samples 
has been reported previously [30].   
All the organic and mineral acids used in this investigation were supplied by Sigma-
Aldrich, Australia. Acetic acid (AA), propionic acid (PA), butyric acid (BA) and valeric 
acid (VA) are of 99% purity, while the concentrations of H2SO4, HCl and nitric acid 
(HNO3) were 95-98%, 37% and 70%, respectively. The acids were diluted to the desired 
concentrations to be used for leaching experiments by deionised water. Nitric acid was 
used for the preparation of sample solutions for analysis.  
The standard solutions of Fe and Zn were also supplied by Sigma-Aldrich, Australia 
with original concentration of 1000 ppm. The solutions were first diluted to 100 ppm Fe 




concentrations of Fe and Zn to be used in the calibration of Inductively Coupled 
Plasma-Optical Emission Spectrometry (ICP-OES) analysis. 
2.2 Leaching experiments 
The leaching conditions were determined based on the optimal conditions of zinc 
leaching by butyric acid as determined in previous work [19]. In the experiments, mixed 
acids (150 mL of solution with specific acid concentrations) and filter cake samples 
were placed in 250 mL conical flasks and mixed using a horizontal oscillating shaker 
(RM2, Ratek, Australia). The leaching was implemented at room temperature.  
Three series of leaching experiments were carried out as follows. In series 1, the second 
generation BOS filter cake was leached using BA-organic acid mixtures of various acid 
concentrations, while the total concentration of the mixed acids was fixed at 1.5 M. The 
AA and PA concentration was at 0.0, 0.15, 0.45 and 0.75 M. In addition, 0.5 M AA and 
PA were also tested with 1.5 M BA, respectively. With fixed total acid concentration at 
1.5 M and BA concentration at 1.35 M, simultaneous addition of two acids out of AA, 
PA and VA and all of these three acids at equal concentration was also tested. For the 
third generation BOS filter cake, addition of 0.1 M and 0.25 M of AA and PA was 
carried out with BA concentration fixed at 1.0 M.  
In series 2, leaching of the second generation filter cake using BA and H2SO4 mixtures 
with total acid concentration at 2.0 M was tested by varying initial H2SO4 concentration 
at 0.0, 0.5, 1.0, 1.5 and 2.0 M.  
In series 3, the leaching was tested using acid mixture of BA with H2SO4 or HCl where 
the pH was maintained within the same pH range as BA alone. At a fixed BA 




concentration of 0.5 N and 1.0 N. In addition, 0.5 N HCl was also intermittently added 
into 1.0 M BA. Testing was also implemented with 0.5 N mineral acids without BA. 
The controlled leaching condition of 1.5 M BA with 0.5 N HCl was repeated several 
times to test the effect of lixiviate reusing with the second generation filter cake. The 
controlled leaching condition was also tested on the first and third generation filter 
cakes. 
The leaching process was monitored by analysing the zinc and iron contents in the acid 
solutions during leaching. One mL of acid solutions were periodically sampled and 
diluted to 10 mL using deionised water, then filtered with 0.22 μm membrane syringe 
filter to remove any solid particles in the solution. A filtered solution was then 
appropriately diluted and then its zinc and iron contents were determined by ICP-OES 
analysis (ICP 710, Agilent, Australia). The leaching rates of Zn and Fe were calculated 
from the ICP-OES results. The residual solids after leaching were filtered from acid 
solutions, washed with deionised water and then dried in an oven until constant weight 
was achieved prior to further analysis. The pH value was measured at every stage of 
leaching using a pH meter (PHSJ-4A, Shanghai Leici, China) equipped with pH 
combination electrode. 
2.3 XRD analysis 
The leaching residues were analysed by X-ray diffraction (XRD, GBC MMA system, 
Australia) using a copper Kα source (λ = 1.5406 Å) with a nickel monochromator. The 
analysis was carried out at 35 kV with a current of 28.5 mA, and a scan rate of 0.5° 
min
–1




. The mineral phases were 




3. Results and discussion 
3.1 Effects of addition of organic acids into butyric acid  
Fig. 1 shows the effect of addition of AA into BA on the leaching of zinc and iron. 
Maintaining the same total acid concentration and with the total acid to solid ratio at 70% 
of the stoichiometric amount, addition of AA in various amounts into BA slightly 
reduced zinc leaching rate, no more than 8%. Oppositely, the leaching rate of iron 
increased with increasing the replacement of BA by AA, which remained very limited, 
by less than 1% except for the acid solution of 0.75 M BA + 0.75 M AA. In the last case 
with 50% of replacement, the leaching rate of iron jumped to 5.8%. Addition of 0.5 M 
AA into 1.5 M BA slightly decreased zinc leaching rate to 45.4% after 10 h, while iron 
leaching rate remained as low as 1.0%. Using an acid mixture of 0.75 M BA and 0.75 M 
AA, significant increase in iron leaching is consistent with the previous observation that 
iron leaching rate was significantly higher when butyric acid concentration is below 1.0 
M [19].  
 
Fig. 1. The effect of addition of AA into BA on the leaching rates of (a) Zn and (b) Fe 




To conclude, the selectivity of zinc from second generation filter cake was not 
significantly affected by the addition of AA into BA. The previous experiments [31] 
showed that AA gave slightly higher zinc leaching rate but significantly worse 
selectivity than BA. In this group of experiments, the addition of AA only slightly 
accelerated iron dissolution with slightly decreased zinc leaching. It can be inferred that 
BA with a concentration of at least 1.0 M played a role of suppressing iron dissolution 
[19], which was not affected by addition of AA. 
 
Fig. 2. The effect of addition of PA into BA on the leaching rates of (a) Zn and (b) Fe 
from the second generation BOS filter cake. 
The effect of PA addition into BA on the leaching of zinc and iron is depicted in Fig. 2. 
The figure reveals that the addition of PA resulted in decreased zinc leaching rate at a 
maximum of 12%, which is higher than with AA addition. Similar with AA addition, 
the addition of PA also produced higher iron leaching rate than that using pure BA and 
iron dissolution increased with increasing the amount of PA. Using 0.75 M BA and 0.75 
M PA gave a maximum of 2.3% iron extraction. In terms of leaching using a mixture of 
1.5 M BA and 0.5 M PA, the zinc leaching rate was slightly decreased and iron leaching 




than 1.0 M BA in leaching solution suppressed the leaching of iron, whereas leaching of 
zinc was not much affected. 
The effect of BA with addition of mixed organic acids on the leaching rates of zinc and 
iron is presented in Fig. 3. Similar to the results obtained using BA with added AA or 
PA, zinc removal using various mixed organic acids was always < 5% lower than that 
when using BA alone. Negligible fluctuation was observed for iron dissolution.  
 
Fig. 3. The effect of addition of mixed organic acids into BA on the leaching rates of (a) 
Zn and (b) Fe from the second generation BOS filter cake. 
The above results show that containing of small concentrations of other organic acids in 
BA had a slight effect on the selective leaching of zinc over iron from second 
generation BOS filter cake. It can be confidently concluded that a raw BA acid without 
purification can be used for effective leaching of zinc without losing its selectivity 
provided that the BA concentration is higher than 1.0 M.  
Similar experiments were performed on the third generation filter cake. Fig. 4 presents 
the effect of addition of AA or PA into 1.0 M BA solution on leaching rates of zinc and 




The leaching trends for the two mixtures were the same. The leaching rate of zinc 
slightly increased with increasing the amount of AA or PA. In comparison, the iron 
leaching increased by more than double due to the addition of AA or PA. Unlike the 
second generation filter cake, a high concentration of BA in solution cannot suppress 
iron dissolution from the third generation BOS filter cake, although mixing other 
organic acids into it slightly promoted zinc leaching. The leaching selectivity of zinc 
over iron from the third generation filter cake was negatively affected by using mixed 
organic acids. 
 
Fig. 4. The effect of addition of AA or PA into BA on the leaching rates of (a) Zn and 
(b) Fe from the third generation BOS filter cake. 
3.2 Effects of addition of mineral acids into butyric acid 
The effects of adding mineral acids H2SO4 and HCl into BA were examined to explore 
the opportunity of using cheaper mineral acids or even waste acids in the leaching while 
the selectivity of leaching zinc over iron from the second generation filter cake under 
optimal BA leaching conditions.  




Fig. 5 presents the leaching rates of zinc and iron achieved by BA-H2SO4 acid mixtures 
with 2.0 M total acid concentration and 70% stoichiometric ratio but different BA and 
H2SO4 ratios. As can be seen from the curves, the leaching of the second generation 
BOS filter cake using BA-H2SO4 mixture was rapid and with very poor selectivity. The 
leaching rates of zinc and iron reached a plateau within the first 20 min with 
corresponding rapid increase of pH, indicating that nearly all the acids were consumed 
at the very early stage of leaching. Since iron dissolution increased sharply with 
increasing the amount of H2SO4 whilst not much increase was observed for zinc 
extraction, the selectivity of zinc reduced remarkably. Using 2.0 M H2SO4 at room 
temperature led to higher leaching rate of iron than that of zinc. This is probably caused 
by the strong acidity of H2SO4 which was reflected in the negative pH value measured. 
The addition of H2SO4 into BA decreased the pH sharply, which indicated the rapid 
reaction of H2SO4 with the zinc and iron-containing phases. However, zinc removal was 
not obviously improved by H2SO4 as zinc ferrite was still not dissolved at ambient 
temperature [12]. 
 
Fig. 5. The leaching performance of the second generation BOS filter cake in BA-




3.2.2 Leaching performance of BA-H2SO4 and BA-HCl acid mixtures with 
intermittent mineral acid addition 
In the experiments, H2SO4 was added into BA solution intermittently at the time of 
sampling acid solution for analysis. The leaching rates of zinc and iron vs time are 
shown in Fig. 6, and corresponding changes of pH of the solutions are shown in Fig. 7.  
 
Fig. 6. The effect of addition of H2SO4 into BA with pH control on the leaching rates of 
(a) Zn and (b) Fe from the second generation BOS filter cake. 
 
Fig. 7. The pH changes of acid solutions during leaching of second generation BOS 
filter cake with intermittent addition of mineral acids. (a) Addition of HCl or H2SO4 into 




By gradual addition of H2SO4 to control the pH in the range not below that of pure BA 
solution, the leaching progressed much slower than when H2SO4 was premixed with BA, 
and was comparable with that without H2SO4 (Fig. 5). Using 0.25 M H2SO4 with 
controlled pH, the leaching had a zinc leaching rate less than using pure BA, even 
though the leaching rate of iron was over 50%. When adding 0.25 M H2SO4 into 1.5 M 
butyric acid solution, the zinc leaching rate, 43%, was lower than either pure H2SO4 or 
pure BA was used; the selectivity of zinc leaching was improved because the leaching 
of iron was only 4%. Increasing H2SO4 concentration to 0.5 M deteriorated the zinc 
leaching selectivity due to increasing iron dissolution as high as 31.5%, although zinc 
removal also increased to 62.9%. The pH control only remarkably decreased the iron 
dissolution, but the effect on zinc leaching was not apparent. 
 
Fig. 8. The effect of addition of HCl into BA with pH control on the leaching rates of (a) 
Zn and (b) Fe from the second generation BOS filter cake. 
Unlike the results of adding H2SO4 into BA, the intermittent addition of HCl at different 
time with controlling pH generated satisfactory rate and selectivity of zinc leaching (Fig. 
8). When adding 0.5 M HCl into 1.5 M BA, zinc extraction was at 48.7% and only 0.89% 




HCl added into 1.5 M BA to 1.0 M or decreasing the BA concentration to 1.0 M slightly 
reduced the zinc leaching selectivity due to the slight increase of iron dissolution. 
Overall, addition of HCl into BA in a controlled acid pH can still remain a reasonable 
zinc leaching method, although the leaching with HCl alone was not selective. 
The above leaching condition was applied in the leaching of zinc from the first and third 
generation BOS filter cakes to explore the possibility of improving the zinc removal 
from the first and whether selective zinc leaching can be achieved from the third 
generation filter cake. However, no satisfactory results were observed for both samples 
as shown in Fig. 9. By adding 0.5 M HCl at different time intervals into 1.5 M BA 
solution, there were insignificant change of zinc or iron extraction for the first 
generation filter cake, whilst for the third generation filter cake, the selectivity was not 
improved.  
 
Fig. 9. The effect of addition of HCl into BA with controlled pH on the leaching rate of 
Zn and Fe from the first and third generation BOS filter cakes. 
BA is more expensive than HCl, so it is more desirable to minimise the consumption of 




repeated leaching using the lixiviate was tested by addition of new second generation 
BOS filter cake. Each leaching run was carried out for 3 h. In the first run, concentrated 
HCl was gradually added into 1.5 M BA to reach a final HCl concentration of 0.5 M. 
The lixiviate was recovered and then reused in the next run. Additional HCl amounting 
to 0.25 M equivalent was added by controlled addition from the second run onward to 
make up the acid consumption. Fig. 10 presents the leaching rates of zinc and iron 
reached in 5 consecutive runs. As can be seen, 39.6% of zinc was removed with only 
0.62% of iron dissolution for the first run with fresh acid solution. In the following runs, 
the zinc leaching rate decreased obviously with repeated use of lixiviate until the fourth 
leaching. There was no increase in the iron dissolution with the increased leaching runs, 
hence the excellent selectivity of zinc leaching over iron remained. 
 
Fig. 10. The leaching rates of Zn and Fe from fresh second generation BOS filter cake 
by reusing lixiviate with additional HCl.   
3.3 Interaction between acids during leaching  
The leaching of metal oxides by acids can be described by Reaction (1): 
2H3O
+
 + MO = M
2+




where M denotes zinc or iron atoms. The hydrated protons were generated from the 
partial dissociation of butyric acid due to its nature of a weak acid:  




    (2) 
In the previous studies, BA was demonstrated as a highly efficient leaching agent for 
the selective removal of zinc from second generation BOS filter cake [19]. The 
mechanism was explored to be due to the adsorption of BA by iron ions rather than zinc 
ions on the particle surface to form a hydrophobic protective film on the surface of the 
iron oxide grains in the filter cake. The adsorption of carboxylic acid was found to be 
maximal at the pH equal to its pKa value and the pKa of BA is 4.82 at 25 °C [32]. Since 
Zn
2+
 has a 3d
10
 configuration, its third electron shell is completely filled. However, the 
electron configuration of Fe
2+
 is only 3d
6
, and hence, can accept the electrons from the -
O
-
 in butyric anions. The amount of anions adsorbed was also dependent on the ionic 
radii and Zn
2+
 has a smaller ionic radius of 0.69 (Å) than Fe
2+
 (0.78 Å). These explain 
why iron was not significantly leached in the selective leaching of the second generation 
BOS filter cake.   
The adsorption layer reached saturation at butyric acid concentrations of 1.0 M and 
above. Little iron was leached by butyric acid in this high acid concentration range. 
Mixing weak acetic and propionic acids into BA in low concentrations had little effect 
on the adsorption of butyrate anions on the iron oxide grains because of their shorter 
carbon chains and lower adsorption capacity [33]. The hydrophobic shielding film of 
butyrate anions isolated iron oxides from hydrated protons and so Reaction (1) was 




When strong mineral acid H2SO4 or HCl was directly mixed with BA, the high 
concentration of protons released from the acids inhibited the dissociation of BA via 
Reaction (2), so reduced the concentration of butyrate anions in the acid solution and 
disabled the formation of a complete hydrophobic shielding film, which explains why 
the leaching was not selective at low pH. However, with controlled addition of HCl into 
BA, the pH remained never lower than when only BA was used, so the dissociation of 
BA via Reaction (2) was not fully suppressed, resulting in retained selectivity of zinc, 
though the selectivity was not better than when using only BA (Fig. 7).  
The XRD analysis shows the presence of gypsum (CaSO4•2H2O) phase in the leaching 
residues from controlled leaching by BA + H2SO4 (see Fig. 11). The low solubility of 
gypsum with Ksp = 3.14×10-5 at 25 °C resulted in the precipitation of CaSO4 as a 
result of Reaction (3) [34, 35]. 
CaCO3 + H2SO4 (aq) + H2O → CaSO4•2H2O (s) + CO2                                               (3) 
Adding H2SO4 into BA is not recommended since the formation of CaSO4 in the 
leaching residue cannot be avoided. It will cause SO2 emission problems in the 
recycling.  
BA protects iron or its oxides from leaching when mixed with organic acids or mineral 
acids H2SO4 and HCl so selective removal of zinc over iron from second generation 
BOS filter cake can be achieved. This may also help avoid significant corrosion 
problems that affect leaching equipment and reduce acid consumption. The selective 
leaching of zinc over iron with mixed acids reveals the opportunities to use unpurified 
raw butyric acid or waste organic acids and inorganic acids for the leaching removal of 





Fig. 11. X-ray diffraction patterns of the leaching residues. (a) 1.5 M BA+0.5 M H2SO4; 
(b) 1.5 M BA+0.25 M H2SO4. 
4. Conclusions 
(1) Presence of acetic and propionic acids in butyric acid has very limited effect on the 
leaching of zinc from second generation basic oxygen steelmaking filter cake. The 
selectivity of leaching of zinc over iron remains excellent so long as the butyric acid 
concentration is no less than 1.0 M.  
(2) Mixing H2SO4 into butyric acid, especially with a high concentration, remarkably 
deteriorates the selectivity of zinc leaching due to significant leaching of iron. The 
deterioration can be partly avoided by adding H2SO4 intermittently to control the pH of 
the leaching acid solution to not lower than that of pure butyric acid solution. The 




intermittent addition of the acid so that an excellent leaching selectivity can be 
maintained.  
(3) No significant effects were observed by mixing other organic acids or mineral acids 
into butyric acid on enhancing zinc removal from the first generation filter cake or 
improving the selectivity of zinc leaching from the third generation filter cake. The 
leachability of zinc and iron in the waste materials to be recycled is largely determined 
by their mineral composition besides the acid type, concentration and amount used.  
(4) The results of the investigation show that an impure and butyric dominant acid can 
be applied in the zinc leaching removal. The acid can be raw butyric acid without 
purification, or a waste acid including some mineral acids. The concentration of H2SO4 
in a waste acid to be used in the leaching should be low enough to avoid deposition of 
solid CaSO4 in the leaching residue which may release SO2 emission in the following 
recycling process operated at high temperatures.  
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Chapter 6. Conclusions and Recommendations for Future 
Work 
6.1      Conclusions 
The aim of the project is to identify an organic acid which can selectively remove zinc 
over iron from basic oxygen steelmaking (BOS) filter cakes to achieve the recycling of 
the wastes to alleviate environmental burden and utilize secondary resources. Based on 
a comprehensive literature review, a comprehensive experimental plan was made and 
implemented in this PhD project. A series of potential organic acids were examined on 
their performance of leaching the second generation filter cake, by which butyric acid 
was selected as a potential highly selective organic acid for leaching zinc over iron 
(Chapter 2). Then the optimal leaching conditions using butyric acid for the second 
generation filter cake were investigated (Chapter 3). Based on the optimization of 
butyric acid leaching conditions for the second generation basic oxygen steelmaking 
filter cake, the first and third generation basic oxygen steelmaking filter cakes were 
tested to compare the leaching behaviors of the steelmaking wastes in relation to their 
composition and storage conditions (Chapter 4). The effects of adding other acids into 
butyric acid on the selective leaching of zinc from the three different basic oxygen 
steelmaking filter cakes were examined with the aim to explore the possibility of using 
impure organic acid and waste acids for leaching to reduce the costs of recycling the 
waste materials (Chapter 5). 
 
The major findings from the PhD project are summarized as follows. 
 
(1) The zinc contents in the first, second and third generation BOS filter cakes are 2.42, 
6.5 and 13.77 wt.%, respectively, while the iron concentrations are similar at 56.0, 56.5 
and 60.0 wt.%, respectively. Zinc exists as ZnO and ZnFe2O4 in all the three samples, 
but the content of zinc in ZnO is significantly lower, equal to, while much higher than 
that in ZnFe2O4 for the first, second and third generation BOS filter cake, respectively. 
For iron containing phases, FeO, Fe3O4 and Fe are detected in all these three samples 




crystalline phase in the first generation filter cake while FeO was the major phase in 
both second and third generation filter cake. Formation of Zn-Fe oxide compounds and 
solid solutions makes zinc oxide difficult to be leached. 
 
(2) Six different kinds of organic acids were tested in the study to leach zinc from the 
second generation filter cake at 1.0 M acid concentration, 70% stoichiometric ratio for 
10 h, and butyric acid was found to be the most effective leaching agent with up to 49.7% 
of zinc leaching rate while only 2.5% of iron dissolution. Acetic acid, propionic acid 
and valeric acid also showed some zinc selectivity, but the iron leaching rate was still 
too high. The leaching rate of zinc decreased following the increased carbon numbers in 
the acid molecules in the sequence acetic acid > propionic acid > butyric acid > valeric 
acid. For iron, the leaching rate decreased similarly until butyric acid and reached as 
low as 2.5%. However the leaching rate of iron by valeric acid increased to 21%. Citric 
acid had the highest leaching rate of both zinc and iron. In oxalic acid leaching, zinc and 
iron oxalates were formed and precipitated which made the leaching inefficient. 
 
(3) For the leaching of zinc by butyric acid from the second generation basic oxygen 
steelmaking filter cake, the optimum leaching conditions were determined to be an acid 
concentration of 1.5 M, a stoichiometric acid to solid ratio of 70%, and 10 h of leaching 
time. Under these conditions, about 50% of zinc leaching rate can be achieved, while 
the iron leaching rate can be limited to less than 1%. During the leaching process, the 
leaching rate of zinc was mainly dependent on the acid amount used in leaching. The 
initial acid concentration had little effect on the leaching rate of zinc. The leaching rate 
of iron increased with increasing the acid amount used with acid concentration below 
0.5 M, but significantly decreased with increasing the acid concentration above 1.0 M 
and the acid amount above 50% of stoichiometric ratio. 
 
(4) The first generation filter cake showed the lowest leaching performance of zinc, and 
only less than 10% of zinc was leached in 10 h under the optimal leaching conditions of 
0.5 M acid concentration and 90% of the stoichiometric acid to solid ratio. Addition of 
other organic acids or mineral acids was not effective in the improvement of the zinc 




filter cake. All of the zinc was removed by leaching in repeated leaching experiments 
but with significant loss of iron. Different leaching conditions can be selected 
depending on the priority consideration for the third generation filter cake. Up to 89.1% 
of zinc was removed by leaching with 0.5 M acid concentration and 90% of the 
stoichiometric acid to solid ratio for 10 h, with 27.2% loss of iron. Using 1.0 M acid and 
acid to solid ratio at 70%, leaching for 10 h had a reduced zinc removal of 70%, but the 
loss of iron was controlled at 15%. By limiting the leaching time at 2 h with acid to 
solid ratio at 90%, more than 50% of zinc can be removed with iron loss less than 11%. 
Addition of other acids into butyric acid is not effective in improving zinc leaching 
selectivity from the third generation filter cake, either.  
 
(5) The presence of acetic and propionic acids in butyric acid has very limited effect on 
the leaching of zinc from the second generation filter cake. The selectivity of leaching 
zinc over iron remains excellent so long as the butyric acid concentration is no less than 
1.0 M. The effect of H2SO4 and HCl in butyric acid varied depending on the pH of the 
mixed solution. Mixing H2SO4 into butyric acid, especially with a high concentration, 
remarkably deteriorates the selectivity of zinc leaching due to significant leaching of 
iron. The deterioration can be partly avoided by adding H2SO4 intermittently to control 
the pH of the leaching acid solution to not lower than that of pure butyric acid solution. 
The detrimental effect of HCl addition into the butyric acid can be well controlled by 
intermittent addition of the acid so that an excellent leaching selectivity can be 
maintained.  
 
(6) This study demonstrates that butyric acid, raw butyric acid without purification, and 
a waste acid including some mineral acids are effective leaching reagents in selective 
leaching of zinc from steelmaking wastes. The selectivity of leaching zinc over iron can 
be attributed to the adsorption of butyrate anions on the iron atoms on the solid particle 
surface which formed a hydrophobic film preventing iron from being attacked by the 
protons in acid solution.  
 
(7) The lixiviate after leaching are successfully reused to leach zinc from original filter 




be achieved in a zinc leaching process in which the acids and filter cake are made in 
contact in countercurrent flow so that the leached residue is in contact with the fresh 
acid with the strongest leaching capacity, while the used acid solution is in contact with 
the fresh filter cake in which the leaching is the easiest. 
To conclude, a novel acid leaching technology is developed in this study to selectively 
leaching maximum amount of zinc with minimum loss of iron from the steelmaking 
waste materials. The potential application of unpurified raw butyric acid or cheaper 
waste organic/inorganic acids can reduce the costs of recycling the waste by zinc 
removal from steelmaking wastes. The leaching residual solid is made suitable to 
recycling in the steelmaking processes, which enables the alleviation of the 
environmental contamination and the utilization of secondary iron resource. 
6.2      Recommendations for further work 
Removal of zinc from basic oxygen steelmaking filter cakes using butyric acid solution 
has been studied and butyric acid was demonstrated as a highly efficient lixiviate in 
selective leaching of zinc over iron. More relevant leaching experiments using butyric 
acid are worthwhile to be performed to improve the zinc selectivity from steelmaking 
wastes and the industrial application of butyric acid should be developed to solve the 
problems associated with environmental contamination and iron resource loss caused by 
the landfill of steelmaking wastes in steel works. 
  
The following further study of butyric acid leaching is recommended: 
 
(1) Although a good selectivity of zinc over iron was achieved by using butyric acid, 
zinc leached into the leaching solution needs to be extracted to make zinc resource to be 
utilized and the solution suitable for recycling or disposal. Therefore, electrowinning 
would be required to recover zinc and to regenerate the acid used for leaching.  
 
(2) The selectivity of zinc using butyric acid was obtained in laboratory scale by 
conducting the leaching experiments in 250 mL flasks, however, for further industrial 




maintained. Further laboratory scale leaching tests in a 50 or 100 L reactor tank would 
add further value to this study, providing data support of an industrial scale for the 
steelmaking industry.   
 
(3) The selective leaching of zinc was performed on three different generations of basic 
oxygen steelmaking dusts subjected to different stockpile time and heat treatments to 
investigate the leaching performance of zinc in relation to the differences of chemical 
composition and storage conditions, but this did not consider all the parameters 
affecting the leaching behaviors. Further work could establish the relationship by testing 
one basic oxygen basic steelmaking dust subjected to different treatments to connect the 
compositional changes with the zinc leaching behaviors. 
 
(4) The study investigated three generations of basic oxygen steelmaking filter cakes, 
whereas the formation and composition of other steelmaking dusts are highly dependent 
on the operating conditions and the charged materials. Further research into the 
properties of blast furnace dust and electric arc furnace dust and the selectivity of zinc 
from these wastes would advance the understanding of butyric acid leaching mechanism 
and the application of butyric acid in steelmaking wastes. 
 
(5) Butyric acid and butyric acid dominated acids were demonstrated efficient in 
selective leaching of zinc from basic oxygen steelmaking dusts, which indicated the 
possibility of the use of butyric acid-producing bacteria. To apply the bioleaching of 
zinc to the steelmaking wastes would require the cultivation of the bacteria, the 
measurement of all the products and the optimization of the leaching conditions. 
